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Abstract 

Four  types  of  glass  which  differ  in  their  chemical  composition,  hardness  and 
material  density  and  tiles  of  SiC,  TiBj,  and  AljOj  were  impacted  edae-on  with 
blunt  steel  projectiles  at  striking  velocities  between  20  m/s  and  1000  m/s.  The 
propagation  of  shock  waves,  of  primary  and  secondary  cracks  and  crack 
systems  and  the  growing  of  crack  systems  from  nucleated  centers  were  visual¬ 
ized  by  means  of  a  Cranz-Schardin  high-speed  camera  within  the  first  twenty 
microseconds,  before  the  projectile  penetrated  the  target  more  than  a  few  milli¬ 
meters.  The  concept  of  damage  velocity  was  introduced  to  describe  the  differ¬ 
ent  damage  processes  quantitatively.  All  four  types  of  glass  reveal  a  similar 
behavior.  The  damage  velocity  equals  terminal  crack  velocity  at  low  loadings, 
rises  to  transversal  wave  velocity  when  nucleation  occurs  and  approaches  longi¬ 
tudinal  wave  velocity  with  very  high  loadings.  Other  than  in  glass,  in  the  ce¬ 
ramics  different  types  of  cracks  are  generated  and  different  fracture  velocities 
were  observed  at  one  impact  velocity  in  one  specimen.  It  has  to  be  distin¬ 
guished  between  the  velocity  of  continuously  growing  cracks,  including  the 
secondary  cracks  with  sharp  edges,  fuzzy  crack  traces  and  crack  fronts.  In  each 
of  the  ceramics  the  damage  velocity  increases  with  increasing  striking  velocity 
and  approaches  the  longitudinal  wave  velocity  at  high  loadings.  A  terminal  crack 
velocity  was  found  for  one  type  of  fracture  in  SiC.  Ceramographical  investiga¬ 
tions  of  TiB2  fragments  have  shown  that  cracks  within  large  grains  as  well  as 
intercrystalline  cracks  are  generated  by  coalescence  of  voids. 


Key  words: 

Glasses;  ceramics;  SiC;  TiBj;  AUOp;  impact;  edge-on  experiments;  energy 
transfer;  high-speed  photography;  damage  velocity;  terminal  crack  velocity; 
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,1;  (Introduction 

The  interest  in  ceramic  materials  for  arrnpur  applications  has  increased  during 
the  last  two  decades  because  it  was  and  still  is  necessary  p  reduce  the  weight 
of-,armours  for  vehicles ,  and  in  particular  for'-aifcrafts,  Testing  methods  have 
beeri;  developed  to  establish  a  ballistic  performance .  ranking  of  the  different 
armour  ceramics  [1i2],  and  many  composite. armours  exist  which  are  designed 
to  defeat  specific  threats.  But  testirig'tKe -performance  of  structures  mostly  does 
not  reveal  the  mechanisms  that  determine  the  protective^  strength  because  of 
the  .large  number  of  geometric  and  material,  parameters.  Starting  from  this 
situation  two  complementary  research  programs  were  initiated.  Terminal  ballistic 
experiments  are  conducted  with  laminated  ^steel'targetsrlaminated' ceramic  tar- 
gets  and  combined  targets  (steel-ceramlcs-.steel);at  the^Ernst-Mach-lnstitut  (EMI) 
and  at  the  Army  Research  Laboratory  (ARL)  with  identical.tafget  and  projectile 
materials.  On  the  other  hand,  the  failure  mechanisms  due  to  impact  loading  of 
the  non-metallic  component  (glass  or  ceramics)  itself  Is  investigated.  The 
experiments  and  results  of  this  work  are  reported  here.  The  aim  of  the  investi¬ 
gations  Is  to  achieve  more  knowledge  about  how  the  ceramics  Is  destroyed  and 
comminuted  by  fracture  processes  and  how  the  interaction  between  the  frag¬ 
ments  themselves  or  with  the  confining  metal  plates  influences  the  penetration 
or  perforation  process.  The  answers  to  these  questions  are  of  importance  with 
respect  to  the  further  development  of  models  that  describe  brittle  fracture  and 
penetration  processes. 

In  most  of  the  experimental  techniques  used  in  terminal  ballistics  the  im¬ 
portant  quantities  (e.  g.,  depth  of  penetration,  residual  velocity)  are  determined 
after  the  penetration  process  is  finished.  However,  earlier  impact  experiments 
with  glass  and  ceramics  [3,4]  demonstrated  that  the  destruction  of  these  mate¬ 
rials  starts  together  with  the  propagation  of  the  stress  waves.  In  the  investiga¬ 
tion  presented  here  damage  processes  during  so-called  edge-on  Impact  experi¬ 
ments  were  visualized  by  means  of  a  Cranz-Schardin  high-speed  camera  in  order 
to  study  the  relation  between  fracture  and  wave  propagation  before  the  projec¬ 
tile  penetrates  the  target  more  than  a  few  millimeters.  Particularly,  the  damage 
phenomenology  is  considered  in  this  work  and  the  propagation  velocities  of  dif¬ 
ferent  types  of  fracture  are  analyzed. 

The  experiments  and  results  with  glass  (float  glass  and  three  optical  glasses)  are 
described  in  Part  I,  Chapters  2  to  11.  Part  II,  Chapters  1 2  to  19,  Is  dealing  with 
the  experiments  and  results  with  ceramics  (AljOs,  TiBj  and  SiC).  The  experi¬ 
ments  with  sapphire  are  described  and  analyzed  in  a  separate  report 
(Experiments  on  Sapphire)  prepared  by  S.  Winkler  [5]. 


f 

Part  I. 


Experiments  with  Giasses 


,2;,  ipxperimeh)ai:Setup- 

:  Figure:  2f1  shows  ia-schefriatic.  -representa^^^^  of  the  experimental  setup  for 
*impact;|pading  ofith'e  glass .tafgets.  the:prpjectile  hits  the  edge  of  the  specimen. 
The' destruction  of^therspecinneh  is  by  means  of  a  -  Cranz-Schardin 

camera  ih  a.shadow-optical'afrarigement.  the  impact  velocity  vp  was  varied  in 
the  range:  from.20  rn/s  .to.i006  m/s.  In  the  velocity  range  beloyv'SBO  m/s  a  gas 
gun  was  used  to  accelerate  the  projectiles.  Higher  impact  velocities  were 
achieved;  by  the.  use  of  povydef  guns.  The  specimens  vvere  positioned  at  a  dis- 
tance  of  10  mm  in  front  of  the  gun  muzzle  so  that  the  rear  part  of  the  projectile 
was'still' guided: during  impact.  The  impact  velocity  was  measured  by  means  of 
two  ihfrared:iight  .bafriers;which  are  installed  :in:  the  barrel  rat  distances  of  220 
mm  and  250,rnm  from-the  muzzle.  With  the  experiments  at  high  impact  veloci¬ 
ties  the  specimen  were  positioned,  a  fevv';  meters  away  from  the  muzzle  of  the 
powder  gun. 


Figure  2.1  Schematic  of  experimental  configuration 


3.  Characterization  of  the  Target  Materials 

Float  glass  and  three  optical  glasses  (K5,  F6  and  SF6)  from  SCHOTT  Company 
were  used  as  target  materials.  The  chemical  composition  and  the  physical  prop¬ 
erties  of  the  diffbi'ent  types  of  glass  are  listed  in  Tables  3.1  and  3.2.  The  den¬ 
sity  of  the  glasses  varies  in  the  range  from  2.5  g/cm^  with  float  glass  to 
5.28  g/cm’  with  SF6.  The  sound  velocity  and  the  hardness  of  the  glasses 
decrease  with  increasing  density.  The  highest  longitudinal  wave  velocity  Ct.  = 
5860  m/s  is  observed  with  float  glass.  SF6  exhibits  the  lowest  wave  velocity 
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with  Pl  =  3600;m/s.  The  hardness  of  .the  glassesHmicrohardriess;  0:49  N,  10 
sec)  varies  in  the- range  front  HV  700  to  HV  400. 

The-yalue-  ofiCi.  withtflbat^glasstresuits-from  the  measurements*of  Kerkhof T6). 
iWith  .theioptical.glasses  c{:<was;calculated  according  to:the  equation- 


cl  '= 


lE  •  ‘T-p"' 

'p  (r+>)(r-'2p) 


using  the  data  of  the  density  p,  Young's  Modulus  E,  and  the  Poisson  Ratio  jj 
giyen  by  the'mahufacturer.  tKIs  ^relationship  betvveen  the  elastic  constants  of 
the  material  holds'fbr;an. infinitely,  extended  medium.  Hbyvever,  high  frequencies 
(i;  e.,  srinall  wavelengths  pqmpa'red; to  the;  thickness  of  the  plate)  dominate  in  a 
pressure  wave  generated  by  impact  [7).  therefore,  the  equation  can  bo  applied 
In  the  case  of  plates,  too.  This  assumption  was  confirmed  by  our  measurements 
(see  Chapter  S). 


Table  3.1  Composition  of  glass  target  material 


Type 

SiO: 

B2O3 

NajO 

KjO 

AI2O, 

CaO 

BaO 

2n0 

TiOj 

PbO 

Float 

70 

15* 

1 

12** 

K5 

65 

S5 

S5 

15 

S5 

8 

S  1 

S  1 

F6 

40 

S5 

S5 

S5 

45 

SF6 

25 

S  1 

S  1 

70 

•  (NajO  +  K2O);  ••  (CaO  +  MgO) 


Table  3.2  Physical  properties 


Type 

Density 

Ig/cm’l 

E'Modulus 

l10®N/mm*] 

Poisson 

ratio 

HV 

Sound  speed 
Im/sl 

Float 

2.5 

« 

680 

5860 

K5 

2.59 

71 

0.227 

584 

5624 

F6 

3.76 

57 

0.231 

455 

4196 

SF6 

5.18 

56 

0.248 

407 

3595 

^8- 


,  4r  *  sbamagejPhenbmenoibgy^  , 

'Sey,eral'different:types  of.fra'cture  and‘fracture  patterns  occur  when  the  edge  of 
ithe^glasS'piate  Js:impacted\by.sa>blunt' proiecti)e;'-Flrst/of  all  the  cracks'which- are 
generated'at;the>,impacted  afea;of<the;edge  pf  .the’speclmen*shall'be  considered. 
Two  types  dif  cracks  develop  :m-the  Irnpact  zone.  A  high  number  of  single  cracks 
radjates  from  the  center  ofJrripact'jcenter  .of.the  projectile).  These  cracks  will  be 
dc!'-oted  r,.jdial  cracks,  the  front  of  their;tips  primary  crack  front.  The  surfaces  of 
the  radial  cracks  are  oriented  perpendicular  to  the  surface  planes  of  the  speci¬ 
men. 

Ah  other,  type. oftcrack. starts  with. jts  tsurface.parallei  .to  the  surface. pianes. 
These  cracks  siowly,  app,roach;the  surface  of,  the-,target;.plate  with  increasing 
distance  from,  the  impacted  edge.  Shell-shaped  .fragments  are  generated  by  this 
process.  Figure  4-1  shows  a  schemadc  representation  of.  both  types  of  cracks, 
the  high-speed  photograph  of  a.fipat  giass, plate. (Fig.  4.2)  gives  an  example  of 
the  two  crack  types.  The  front  of  the  shell-shaped  cracks  appears  as  a  black 
semicircular  line  along  the  tips  of  the  radial  cracks  on  the  photograph.  This 
means  that  the  two  crack  systems  were  initiated  simultaneously  and  propagated 
at  the  same  velocity. 


Figure  4.2  Float  glass  specimen  30.5  ps  after  impact  of  a  steel  cylinder 
(D  =  30  mm) 


it-was  als9  observed' that  the  primary  cracks  , form  a  planar  front,  i.,  e.,  cracks 
have, been  generated  simultaneously. on  the  whole  contact  area  between  projec¬ 
tile  and  target.  Jhlsicase. iS', illustrated  .b^>six<selected<.high-speed:  photographs  of 
a  fIdat-glasVpIate  whichishdvv.nhejspecjm^  interval  from' 8.8  /js  to 

18.7jusiafter  impact'at48'\rn/f;i(lfig,;'4f3)i'ln;^^^  of  the 

radial  cracks'and.the'sheil-shapddiffacture.coincjde.^tt^ 

A  significantly  diffefentrfractufe  patterhMs.dbseryed  when  the  projectile  hits  the 
specimen-  with:;  a  "small  '‘^yavy. .  The  fracture.‘i,9attern  ’  in  a  float  glass  -  plate  after 
impact  of.  8;  projectile  .at  4:yiwja'ngle,<df4 12.  mrad,-(in4  'Pl3oe  parallel' tdnhe  sur¬ 
face  of  the  platejMs  shdwri;intFig'urer4'.4.'Hadia|  ..cf8Cks;and  :shell-shaped\^ 
are  generated  at 'the::irTipact  site,.df,'tha:'edge ..ofithe ; projectile-  and.^within  and 
beyond  the  contact.zone.  With  all; the. experiments  the  impacted  edges  of  the 
plates  were  polished  , to  avoid  different  fracture  patterns  .due  to  the  roughness  of 
the  impacted  surface. 

The  photographs. In  Figuras  4.3-and  4.4  additionally  show  cracks  whlch  were 
Initiated  at  the  edge  of  the  glass  plate  above  and  below  the  projectile. 

The  cracks  start  from  the  edge  of  the. specimen  in  a  direction  normal  to  it  and 
then  change  their  direction  of  propagation  so  that  an  angle  of  about  30”  is  in¬ 
cluded  between  the  cracks  and  the  shot  line.  The  spaces  between  these  cracks 
are  Irregular.  All  these  cracks  grow  with  constant  velocity  Vc  and  wll!  be  de¬ 
noted  secondary  cracks  In  the  following.  The  secondary  cracks  are  Initiated 
successively  by  the  shear  wave  which  is  generated  at  the  edge  of  the  projuctile. 
Therefore,  the  secondary  crack  system  exhibits  a  triangular  shape.  The  secon¬ 
dary  crack  zones  expand  with  transversal  wave  velocity  Ct. 

The  Figures  4.3  to  4.5  show  a  further  damage  mechanism.  Crack  centers  are 
initiated  between  the  first  compressive  wave  and  the  primary  crack  front.  Inho¬ 
mogeneities,  flaws,  impurities  or  existing  microcracks  may  turn  into  Initial  points 
or  nucleation  points  of  cracks  which  propagate  in  all  directions.  These  cracks 
and  not  the  nucleation  points  or  nuclei  are  visualized  by  the  high-speed  photo¬ 
graphy,  but  to  simplify  discussions  the  designations  "crack  center”  and 
"nucleus"  are  used  synonymously.  In  the  first  stage  of  development  the  centers 
are  shaped  like  ellipsoids  whose  major  axis  is  directed  towards  the  Impact  cen¬ 
ter  or  the  impact  site  of  the  edge  of  the  projectile. 

At  high  impact  velocities  no  details  can  be  recognized  in  the  impact  zone.  Figure 
4.5  shows  an  example  where  a  float  glass  plate  was  impacted  at  220  m/s.  Only 
a  black  area  is  seen  in  front  of  the  projectile.  The  light  is  deflected  by  the  high 
density  of  primary  cracks,  shell-shaped  fracture,  crack  centers  and  the  stress 
waves  in  this  zone. 
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=5;  Wave  Propagation'in'Plates 

Figure.5.1shows  a  schematic  representation  of  the  wave  and  crack  propagation 
in  a  glass  plate  after  impact  of  a  pointed  projectile.  The  longitudinal  wave  which 
propagates  at  the  velocity  C|.  is  followed  by  the  transversal  wave  (shear  wave) 
at  the  velocity  Ot,  which  is  about  60  %  of  C|.  with  glasses.  Another  transversal 
wave  is'  generated  by  the'  reflection  of  the  longitudinal  wave  at  the  impacted 
edge.  This  wave- includes  an  angle 


•  ct 
a  =  arcsin— 
Cl 


with  the  edge  of  the  plate.  The  primary  fracture  front  forms  a  semicircle  with 
radius  vc  ■  t  whereas  the  tips  of  the  secondary  crack  zones  are  situated  at  Ct  '  t. 
The  secondary  fracture  fronts  include  an  angle 

Vr 

P  »  arcsin— 

Ct 


with  the  edge  of  the  plate.  To  establish  this  relation  we  neglect  that  the  secon¬ 
dary  cracks  start  normal  to  the  edge  and  it  is  assumed  that  the  cracks  grow 
nearly  perpendicular  to  the  fronts  CJ  and  KB. 


Figure  5.1  Schematic  of  wave  and  crack  propagation  in  a  plate  caused  by 
edge-on  impact  (side  view) 


When  the  specimen  is  impacted  by  a  blunt  cylinder,,  two  shear  waves  are  gen¬ 
erated,  one  at  the  upper  edge  and  one  at  the  lower  edge  of  the  projectile.  Planar 
•.wave  fronts  are  fornried  ahead  of  the  projectile.  The  fracture  propagation  in  this 
:case  was  described  in  Chapter- 4. 

Many_  of  the  .high-speed,photographs  (see  for.  example  Fig..  4.5)  show  that 
several  waye  fronts,  propagate,  in  the  specimens  which  succeed  one  another  at 
the  same  distance  D.  This  effect  is  due  to  the  finite  thickness- d.  of  the  plates 
and  was  described  by  Schardin  [8]  and  quantitatively  analyzed  by  means  of  the 
Schlieren-optical  technique  by  Vollkommer  (9]  and  Beinert  [10].  Figure  5.2 
shows  a  schematic  representation  of  the  impact  situation  and  the  generated 
waves  in  a  top  view. 


transversal  wave 


projectile 


Figure  5.2  Schematic  of  wave  propagation  in  a  plate  caused  by  edge-on 
impact  (top  view) 


The  compressive  wave  also  displaces  the  particles  at  the  surfaces  of  the  plate 
perpendicular  to  its  direction  of  propagation  so  that  a  transversal  wave  is  gen¬ 
erated  which  includes  an  angle  a  =  arcsin(CT/C|,)  with  the  surface.  When  this 
transversal  wave  is  reflected  at  the  opposite  surface  of  the  plate  a  transversal 
and  again  a  longitudinal  wave  are  generated.  In  this  way  a  sequence  of  equidis¬ 
tant  pressure  pulses  is  formed  by  a  sequence  of  reflections.  It  can  be  recog¬ 
nized  from  Figure  5.2  that  tana  =  d/D.  From  this  follows  the  relation  between 
the  thickness  of  the  plate  d  and  the  distance  between  the  pressure  pulse  D. 
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The  mean  value’s  of  the  measured  wave  velocities  Cl  and  the  measured  dis¬ 
tances  D  are  listed  in  Table  5.1  together  with  the  calculated  values  of  the  Pois¬ 
son  ratios  and  the  transversal  wave  velocities.  Cy  was  calculated  according  to 
the  equation 


Cj 


Cl 


I  l-2n 
2(1 -u) 


Table  5.1  List  of  the  measured  values  of  C|.  and  D  and  calculated  data  (on  the 
basis  of  Cl  and  0)  of and  Cy 


Material 

Cl 

(m/s] 

D 

[mm] 

U 

Ct 

[m/s] 

Float  glass 

5890 

13.1 

n 

3570 

K5 

5750 

10.8 

mm 

3420 

F6 

4230 

14.3 

IM 

2430 

SF6 

3590 

14.2 

0.253 

2060 

6.  The  Damage  Velocity  Concept 

The  concept  of  damage  velocity  is  introduced  to  describe  the  different  damage 
processes  quantitatively.  The  path-time  curves  of  the  primary  crack  front  and  of 
the  cracks,  which  start  from  the  nuclei  in  and  against  the  direction  of  the  shock 
wave,  are  determined.  At  the  high  dynamic  loadings  considered  in  these  inves¬ 
tigations  all  cracks  propagate  with  their  maximum  (terminal)  velocity  Vc,  which 
is  a  characteristic  quantity  for  each  type  of  glass  (see  Chapter  7.2).  Therefore, 
the  path-time  curves  are  all  straight  lines.  The  intersection  points  of  those 
straight  lines,  which  describe  the  cracks  starting  from  the  nucleation  points, 
determine  the  places  "s”  and  times  "t"  of  nucleation.  The  slope  of  the  line 
through  the  nucleation  points  (s,tl  is  defined  as  the  damage  velocity  Vp. 

Figure  6.1  shows  the  evaluation  of  the  experiment  presented  in  Figure  4.3.  The 
filled  triangles  represent  the  position  of  the  tip  of  the  upper  secondary  fracture 
zone.  The  open  triangles  and  squares  represent  the  fore  and  rear  front  of  the 
observed  crack  centers.  One  recognizes  that  the  first  point  of  nucleation  is 
localized  on  the  line  which  describes  the  lateral  expansion  of  the  secondary 
crack  zone.  That  means,  the  damage  velocity  vo  equals  the  velocity  Vsr  = 
3030  m/s  at  which  the  secondary  cracks  are  initiated  along  the  edge  of  the 
specimen. 
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7.  Damage  Velocities  and  Nucleation  Thresholds 

All  specimens  of  the  optical  glasses  used  in  the  experiments  described  in  this 
Chapter  had  the  dimensions  100  rnni  x  100  tnm  x  10  mm.  The  lateral  dimen¬ 
sions  of  the  float.glass  .specimen  ranged  from  100  mm  x  100  mm  to  180  mm  x 
T80  mm,  their  thickness  was  10  rhm,  too.' Ill  order  to  establish  the  same  impact 
conditions  and , to  be  able  to-compare  the  results  directly,  only  steel  cylinders 
with  30  m"m  diameter  and  23  mm  length  were  used  as’ projectiles. 


7.1  Experimental  Results 

The  measured,  crack,  damage  and  wave  velocities  of  the  different  glasses  are 
listed  in  Tables  7,1  to  7.4  together  with  the  corresponding  impact  velocities. 
The  tables  also  Include  the  values  of  the  product  E'A,  where  E  is  the  energy 
density  (energy  per  unit  volume  that  is  transferred  to  the  target  material  by  the 
shock  wave)  and  A  Is  the  area  of  contact  between  the  target  and  the  projectile. 
The  physical  unit  of  this  quantity  is  Newton.  Therefore,  E-A  is  interpreted  as 
momentum  flux  (momentum  that  is  transferred  to  the  target  by  the  shock  wave 
per  unit  time  via  the  contact  area).  The  energy  density  E  Is  determined  by  the 
acoustic  impedances  Zt  =  Pt  '  C|.,t  of  the  target  material  and  the  projectile 
material  Zp  =  pp  ■  Ct.p. 


Zt  •  Zp  Vp 

(Z-p+Zp)^  Cl.tp 


Px  and  Pp  are  the  densities,  Cpj  and  C|„p  the  longitudinal  wave  velocities  of  the 
target  and  projectile  material. 

A  representation  of  the  experimental  results  which  Is  independent  of  the  caliber 
is  achieved  when  the  crack  and  damage  velocities  are  plotted  versus  the 
momentum  flux  E’A.  This  was  demonstrated  in  (11). 

The  damage  velocities  observed  with  the  four  glasses  are  plotted  in  Vd-E'A 
curves  in  Figure  7.1. 


Damage  velocities  Vq  versus  momentum  flux  E-A  for  float  glass  and  the  optical  glasses  K5,  F6  and  SF6 
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Table  7.1  Experiments  with  float  glass 


Shbf'No. 

1  Vp 

.(rri/s]' 

E-A 

.  ...  [N]  .  . 

Cl 

.  [m/si . 

Vc 

[m/sl 

Vo 

[m/s] 

100S3 

'28 

314 

1520 

10285 

'34 

478 

1540 

2670 

1550 

10266 

40 

640 

5870 

1520 

3100 

1570 

10286 

48 

922 

1550 

3030 

1610 

10018 

122 

6252 

3070 

10014 

157 

10353 

3700 

10013 

222 

20700 

3900 

10047 

455 

86950 

5790 

4600 

10049 

755 

239411 

5820 

4540 

10020 

990 

411642 

5970 

5120 

10031 

1000 

420000 

6000 

Table  7.2  Experiments  with  K5 


Shot  No. 

Vp 

[m/s] 

E-A 

[N] 

Cl 

[m/s] 

Vc 

[m/s] 

Vo 

[m/s] 

10050 

21 

194 

1544 

1543 

10101 

28 

345 

1590 

10061 

35 

539 

1530 

3190 

1560 

10282 

40 

704 

2930 

10062 

60 

1584 

3530 

10051 

456 

91492 

5700 

4720 

10036 

1005 

44441 1 

5800 

5120 
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The  experimental  curves- show  similar  courses  for  ail  types -  of ’glass.  At^low 
loadings  the  specimen  are  destroyed  by  the  primary,  and  secondary  cracks 
.vyhich-staft  frorn. the  impacted  edge,.  In  . this:pase-.the,  damage  velocity  equals  the 
..terniinaj' crack  yelqcity  -yc,  .yyhich:  is.-a.;characteristic  . quantity  ,of  the  different 
itypes.  qf  glass.  •Xhe,';damage  . velocity  rises;.to -the- order?,  of  magnitude  of  the 
transyersal.yyaye  velocity. cf', when: nucjeation; occurs. -At  first,  a-.further  increase 
,of  .the*iioading,  resultS".in-a.  slow  increase? of' Vq;  With  very  high  loadings  Vd 
approaches  the  longitudinal  wave  velocity  asymptotically.-.<ln 'the.  loading  range 
where  Vq  increases  slowly,  an  augmentation  of  the  number  of  activated  nuclei  is 
observed.  It  is  remarkable  that  the  thresholds  where  nucleation  occurs  do  not 
differ  significantly  from  one  another-  in;  spite  of  the  differences  in  the  physical 
properties.  The  results  with  K5  and  float -glass  are  represented  by  one  curve 
only,  because  it,vyas;nottpossible.ito  make.a^distinction  from  the  values  meas¬ 
ured.  The  float  glass  data  In -Figure  7.1  are  .supplemented  by  the  results  of 
experiments  at  high  impact  velocities  with  projectiles  of  different  calibers. 

Table  7.5  shows  a  list  of  the  lowest  impact  velocities  Vp  and  the  corresponding 
initial  intensities  P  of  the  pressure  waves  where  nucleation  occurred.  The  pres¬ 
sures  are  calculated  according  to  the  equation 


p  _  Zp'Zt 
Zp  +  Z-p 


Vp  . 


Table  7.5  Impact  velocities  and  initial  pressures  at  the  nucleation  threshold 


Material 

Vp 

(m/sl 

P 

(MPal 

Float  glass 

34 

379 

K5 

35 

388 

F6 

25 

294 

SF6 

21 

278 
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'7‘.'2:  CracktVelocities 

■In  all ‘experiments -  withi  glasses  only  constant  crack  velocities'  were  observed, 
ijridependeht  from  thedoadihg;  The^meari  values'of  the  rheasured  crack  velocities 
;ahd ‘the’' standard’ deviations'-are:  listed  together  with  the  ratios"  of  the  crack 
'  velocities ■‘^Vc  tO‘the*transversal' wave  velocities ‘Cj  and  to  the  Rayleigh  wave 
velocities  Cr*  in  Table' 7.6:  the  Rayleigh  wave 'velocities  were  determined  with 
-theiapproxirhate-formula 

0.87 +  1.12 -p 
. "" 

given  by  Schardin  '[7].  According  to  this  relation  the ’Rayleigh  wave  velocities 
are  approximately  90%  of  the  transversal  wave'velocity. 


Table  7.6  Mean  values  of  the  measured  crack  velocities 


Material 

Vc  [m/s] 

Float  glass 

1550  ±31 

K5 

1550  ±23 

F6 

1100±  54 

SF6 

700  ±  48 

It  is  remarkable  that  with  float  glass  and  the  optical  glasses  K5  and  F6  the  ratios 
of  the  crack  velocities  to  the  wave  velocities  are  nearly  equal.  The  measured 
crack  velocities,  which  are  not  only  constant  but  also  the  maximum  (terminal) 
velocities,  are  about  one  half  of  the  corresponding  Rayleigh  wave  velocities. 
Only  the  heavy  flint  glass  SF6  exhibits  a  lower  crack  velocity. 

In  the  case  of  float  glass  the  terminal  crack  velocity  was  already  observed  by 
Christie  [12]  and  Schardin  [7].  Yoffe  [13]  and  Craggs  [14]  developed  theories  to 
explain  the  terminal  crack  velocity.  A  review  of  the  investigations  and  theories 
on  terminal  crack  velocity  was  given  by  Kolsky  [15]. 
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7.3  Discussion  of  the  Damage  Velocities 

The  behavior  observed,  i.  e.,-  the  rise  of  the  damage  velocity  Vp  from  terminal 
crack  velocity  tc  transversal  wave,  velocity  Cj  when  nucleation  occurs  and  the 
asymptotic  approach  of  longitudinal  .wave  velocity  Cl,  can  be  explained  in  the 
following  way.  All  experirnents  with  blunt  projectiles  have,  shown  that  crack 
formation  starts  at  the  impact*  site  of  the  edge  of-;the  projectile.  The  primary 
fracture  front  is  always  formed  with  a  certain  delay  compared  to  the. secondary 
cracks.  This  can  be  recognized  clearly  from  the  photographs  in  Figure  4.3. 
Shear  waves-are-generated  at  the  edge  of  the  projectile  whereas, the. material  in 
front  of  the  projectile  is  compressed  by  the  longitudinal  wave.  Cracks  are  gen¬ 
erated  first  under  the ‘influence  of  shear  stress^;  i.  e.,  the  glasses  are- more 
sensitive  to  shear  loading  than  to  compressive  loading. 

A  similar  behavior  is  observed  with  the  crack  generation  by  nucleation.  That 
means  nucleation  occurs  when  the  intensity  of  the  shear  wave  exceeds  a  cer¬ 
tain  level.  The  loading  range,  where  on  the  one  hand  the  amplitude  of  the  trans¬ 
versal  wave  is  high  enough  to  stimulate  all  the  potential  nuclei,  but  on  the  other 
hand  the  intensity  of  the  compressive  wave  is  not  sufficiently  high  to  nucleate 
cracks,  corresponds  to  the  plateau  in  the  Vp  -  E’A  diagram  with  vp  =  Cy.  The 
high-speed  photographs  of  impacts  in  this  ioading  range  demonstrate  that 
nucleation  oniy  occurs  In  the  region  which  was  already  passed  by  the  transver¬ 
sal  waves. 

Figure  7.2  sets  an  example  of  an  experiment  with  Vp  »  Cy.  Figure  7.2a  shows  an 
SF6  plate  21.5  //s  after  impact  at  Vp  =  60  m/s.  The  specimen  is  destroyed 
mainly  by  nucleation.  The  photograph  reveals  that  the  front  of  the  crack  centers 
clearly  lags  behind  the  first  pressure  wave  (appears  bright  in  this  case).  Figure 
7.2b  shows  the  corresponding  path-time  curve.  The  filled  triangles  represent  the 
position  of  the  p.'essure  wave,  the  other  symbois  indicate  the  fore  and  rear 
fronts  of  the  crack  centers.  The  nucleation  points  were  extrapolated.  The  slope 
of  the  straight  line  through  the  nucleation  points  is  2.08  mml/js,  that  means  the 
damage  veiocity  equals  transversal  wave  velocity  and  crack  formation  from  the 
nucleation  points  starts  with  the  arrival  of  the  transversal  wave. 

With  higher  loadings  nucleation  is  already  observed  in  these  zones  which  have 
only  been  passed  by  the  pressure  wave.  Figure  7.3  sets  an  example  of  this 
case.  The  photograph  of  an  SF6  plate  21.9  ^ls  after  impact  at  Vp  =  450  m/s  is 
shown  in  Figure  7.3a,  the  corresponding  path-time  curve  is  plotted  in  Figure 
7.3b.  Tne  photograph  reveals  crack  centers  close  to  the  second  pressure  pulse. 
In  the  path-time  curve  the  nucleation  points  range  between  the  two  straight 
lines  which  represent  the  pressure  wave  and  the  shear  wave,  i.  e.,  the  pressure 
wave  initiates  the  cracks  at  the  nuclei. 
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8.  Influence. of  Specimen  Geometry 

8.:T  'Lateral  Dimensions 

When  the  iongitudinal  wave  L  is  reflected  at  the  upper  and  lower  edge  of  the 
target..p!ate  a  . longitudinal' wave  L'  and  a  .transversal  wave  T'  are  generated. 
Figure  8.'1  shows  a  schematic  representation-of- these  waves.  L  is  a  pressure 
wave  whereas  L'.  is  a  tensile  wave. 

The. impact  experiments  have  demonstrated  that  crack  centers  could  be  initiated 
with  the  arrival  of  the  relief  wave  L'. 

For  this  reason  it  is  necessary>to  take:  into  consideration  only  such  nuclei  that 
have  been  formed  under  similar  or  comparable  conditions.  Therefore,  only  those 
crack  centers  were  evaluated  which  have  been  generated  under  the  influence  of 
the  pressure  wave  L,  the  shear  waves  generated  by  the  impact  and  the  shear 
waves  which  lead  to  the  sequence  of  pressure  pulses  described  in  Chapter  5. 


Figure  8.1  Schematic  of  wave  propagation  in  a  plate  caused  by  impact 


8.2  Influence  of  Plate  Thickness 

The  influence  of  the  thickness  of  the  target  plates  was  investigated  in  impact 
tests  with  K5  specimens  of  the  thicknesses  d  =  8  mm,  1 7  mm,  28  mm,  40  mm 
and  100  mm.  Steel  cylinders  with  30  mm  diameter  and  23  mm  length  were 
used  in  these  experiments  too.  The  measured  values  of  the  orack,  wave,  and 
damage  velocities  with  plate  thicknesses  up  to  40  mm  are  listed  in  Tables  8.1  to 
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>8.5.  The  pjopagation  of  the  secondary  fracture  zones  could  be  observed  best 
with  the  specirnens  of  8  mm  and  17  thm  thickness  because  these  plates  had  the 
dimensions  200  mm  x  150  mm.  The  results  with  glass  blocks  of  100  mm  thick¬ 
ness  are  described  in  Chapter  9. 

The.  aimsof  these  impact  tests -  was  to  determine  the  relationship  between  the 
plate'' thickness  ahd  'the'nucleatiori' threshold.  Therefore,  most  of  the  experi¬ 
ments  were  conducted  at  impact  velocities  in  the  range  from  20  m/s  to  60  m/s. 

The.'impact'tests'of  glass  plates  of  10 -mm' thickness  with  blunt  projectiles  of 
different  calibers  had  shown  that  the  nucieation'  threshold  was  shifted  towards 
lower  impact  velocities  with  increasing  caliber  [11].  A  nucieation  threshold 
■could  be  determined  (with  .espect  to  the  momentum  flux  E-A)  independent  of 
the  caliber  for  one  type  of  glass  and  one  plate  thickness.  A  variation  of  the  plate 
thickness  means  also  a  change  of  the  contact  area  and  therefore  of  the 
momentum  flux.  For  this  reason  we  supposed  that  In  case  of  different  calibers  a 
nucieation  threshold  could  be  determined  which  is  Independent  of  the  plate 
thickness,  too.  This  hypothesis  was  not  confirmed  by  the  experiments. 

Tha  measured  damage  velocities  vq  are  plotted  versus  the  impact  velocity  Vp  in 
Figure  8.2.  A  correlation  between  plate  thickness  and  the  Impact  velocity  where 
nucieation  occurs  cannot  be  derived  from  these  data.  The  nucieation  thresholds 
with  respect  to  Vp  are  close  together  with  plate  thicknesses  of  20  mm,  28  mm 
and  40  mm  in  spite  of  the  different  impact  geometries  in  these  cases.  With 
plates  of  20  mm  thickness  the  diameter  of  the  projectile  D  Is  bigger  than  the 
plate  thickness  d,  with  plates  of  40  mm  thickness  it  Is  vice  versa.  A  big  differ¬ 
ence  between  the  nucieation  thresholds  is  found  with  phte  thicknesses  of  8  mm 
and  10  mm  although  the  geometry  is  nearly  the  same.  The  Vo-E’A  curves 
(Figure  8.3)  show  that  a  representation  of  the  data  which  is  independent  of  the 
plate  thickness  is  not  achieved  this  way.  An  unambiguous  relation  between  the 
momentum  flux  where  nucieation  occurs  and  the  plate  thickness  could  not  be 
recognized. 

The  results  of  the  experiments  with  the  highest  impact  velocities  vpc  where  only 
crack  propagation  at  terminal  crack  velocity  and  no  nucieation  were  observed 
are  listed  together  with  the  results  of  the  experiments  with  the  lowest  impact 
velocities  Vpo  where  nucieation  occurred  in  Table  8.6.  The  mean  velocities  and 
the  standard  deviations  of  Vpc  and  Vpo  are  specified  below  in  the  columns  2  and 
3. 


Table' 8.1  ResultS'^with  KB^platesfpf-the  thlckhess:d 


;10247 

‘  49  , 

526 

• 

it  0281 

48' 

757 

MM 

3180 

10251 

54 

958 

5630 

3150 

3250 

10250 

70 

1610 

5830 

3200 

3140 

10248 

80 

2102 

5680 

3110 

3240 

Vi.;  . 

[m/slf 

Vd 

[m/s] 

1540, 

-- 

1570 

-- 

1580 

3070 

1550 

3360 

1640 

3310 

Table  8.2  Results  with  K5  plates  of  the  thickness  d 


Vc 

Vd 

[m/sl 

Im/sl 

1520 

-- 

1570 

-- 

-- 

3500 

1570 

3460 

-  28  - 


Table  8.3  Resultsiwith  KSjplates  of  the  thickness  d.  =  20.  mm 


10185 
10187 
10292 

10186 


5i- 

(m/si 

21.5 

383’ 

29 

696; 

34 

957 

- 

40 

1325- 

5510 

54 

2414 

- 

Table  8.4  Results  with  K5  plates  of  the  thickness  d  =  28  mm 


Shot  No. 

Vp 

(m/sl 

E'A 

[Nl 

Cl 

(m/sl 

Ct 

[m/s] 

Vc 

[m/s] 

Vd 

(m/sl 

10207 

29 

875 

“ 

- 

1520 

-- 

10206 

40 

1664 

" 

3340 

1610 

-■ 

10209 

48 

2396 

5710 

3210 

3350 

•• 

3060 

10294 

54 

3033 

5660 

3180 

3090 

1595 

3380 

Shot  No. 


Vp 

[m/s] 

E-A 

IN] 

Cl 

[m/s] 

40 

1696 

- 

48 

2442 

- 

54 

3091 

- 

80 

6784 

5680 

Vc 

Vo 

[m/s] 

[m/s] 

1520 

- 

1550 

3400 

3510 

Figure  8.3  Vq  -  E-A  curves  around  the  nucleation  threshold  for  K5  plates  of 
different  thicknesses 


Table'8;6'  "Crack'and  darhage:velocities;at  the  nucleatidri  threshold  with  K5 
plates  of  different  thicknesses. 


"'-d' . 

[mm] 

•Vpc 

;  [m/s]’ 

Vpo 

(m/sl  , 

Vc"  ■ 

[m/s] 

Vd 

Ifn/s) 

2'"*' 

... 

4 

5. 

8, 

48 

1570 

8 

„ 

54 

- 

3070 

10, 

28 

r- 

1590 

- 

10. 

- 

'•  35 

- 

3420' 

17 

54 

- 

1570 

- 

17 

- 

60 

- 

3500 

20 

40 

- 

1550 

- 

20 

- 

54 

- 

3310 

28 

40 

-- 

1610 

- 

28 

- 

48 

3060 

40 

40 

1520 

-- 

40 

48 

" 

3400 

Vpc  =  41.7  m/s 
±  8.8  m/s 

VpB  =49.8  m/s 
±  8.5  m/s 

A  specific  result  of  the  experiments  is  that  nucleation  occurs  with  high  probabi!- 
ity  in  the  impact  velocity  range  from  41.7  m/s  to  49.8  m/s  when  K5  plates 
(8  mm  ^  d  5  40  mm)  are  impacted  with  steel  cylinders  (D  =  30  mm,  L  = 
23  mm).  In  the  case  of  constant  caliber  and  different  plate  thicknesses  the 
nucleation  threshold  ranges  in  a  certain  interval  not  only  with  respect  to  the 
impact  velocity  but  also  with  respect  to  the  momentum  flux.  An  order  of  the 
nucleation  threshold  with  respect  to  the  plate  thickness  was  not  found. 


9.  Experiments  with  Blocks  of  K5 

Three  blocks  of  K5  glass  of  the  dimensions  200  mm  x  1 50  mm  x  1 00  mm  were 
available  for  impact  experiments.  The  specimen  were  impacted  on  the  sides 
with  lengths  of  200  mm  x  1 50  mm  with  the  same  type  of  projectile  used  in  the 
experiments  with  thin  specimen.  The  tests  were  conducted  at  impact  velocities 
of  Vp  =  90  m/s,  416  m/s  and  1040  m/s.  Figure  9.1  shows  six  selected  photo¬ 
graphs  of  shot  no.  10259  (Vp  =  90  m/s).  The  crack  centers  on  the  first  photo¬ 
graph  (17.9;ys)  have  a  nearly  circular  contour.  Single  cracks  can  be  recognized 
which  emerge  from  the  centers  in  all  directions  like  prickles.  However,  the  next 
photographs  show  that  these  cracks  mainly  grow  in  and  against  the  direction  of 
fire. 


fgiguresjSiia/f 9}2b' and  'S^^  ;sh6w  -pHotogfaphs.  of  the*  recovered  glass"  block. 
\Especiaily(the<photpgra'p^^^  and'9':2brciearly.:shoyy  that  the?specimen  was 
('not 'drsiritegra^  zpnej' The'Mrnpact  area  .isj'the  center  of-  a 

.:sejuericejpficifcu|ari(cohcentric”fra  These'fractures''include:an  angle'  of 
iabdut-60?tyyith^the;iine;9f>fire;'andifqrrn'a’:sequence  of xonIcaKphells:  the  front 
sufface  :of  the  conical rfragrnent  in  the  pentef  .is  “just  .the'  irfipact  area;  When 
looking  at  the  crack' forrpation  from  the  side,  i.  e.,  the  perspective  of  the  Cranz- 
Schardih.'cameray.oha-recognizes’that'the'seiconefcracks'are'identicarwith  the 
•secondaryicracksi-  A'icrossi'seotion  through  fthe  middle  of  a  thick-  plate  "would 
teveai:asfractureSpattem  -slrriilar* tO'thpsetpbsefved^.with-  thinr'plates.  The  last 
t  phbtqgrapli:.ofthe;series'shown  In  Figure'  9.T;also  reveals -cracks  that'  propagate 
<perpendicujarto:the''direotion;of;fire;  these  cracks  separatethe  front  paft  of  the 
glass  block, "Which  Is  Interspersed  among  the  secondary-cracks,  from  the  rest  at 
a  distance  of<about<‘30-mm  from  the  impacted  surface.  This  can  be  clearly  seen 
In  the  side.view  of  the  specimen  shown  in  Figure  9.2c. 

The  complete  series  of  20  photographs  of  a  glass  block  impacted  at  1040  m/s 
(shot  no.  10327)  Is  shown  in  Figure  9.3.  The  time  interval  between  the  photo¬ 
graphs  is  about  1  /js.  On  the  first  five  photographs  no  details  can  be  recognized 
in  the  loaded  zone  behind  the  wave  front.  Damage  of  the  glass  and  changes  of 
the  refractive  index  in  the  loaded  region  cause  the  deflection  of  the  light  so  that 
this  zone  appears  black.  On  the  photographs  7  to  15  damage  can  be  recognized 
directly  behind  the  longitudinal  wave.  The  enlargements  of  the  photographs  no. 
10  and  no.  15  shown  In  Figure  9.4  clearly  reveal  spherical  crack  centers  ahead 
of  the  projectile  close  to  the  compressive  wave  front.  In  contrast  to  the  crack 
centers  observed  at  the  low  impact  velocity  or  with  thin  plates  no  single  crack 
tips  can  be  seen  here.  But  the  evaluation  of  such  centers  demonstrated  that 
they  grow  at  the  terminal  crack  velocity  of  K5  glass.  This  shows  that  the  cen¬ 
ters  consist  of  cracks  although  single  cracks  cannot  be  distinguished  on  the 
photographs. 

In  the  zones  above  and  below  the  projectile  crack  centers  are  only  observed  in 
these  parts  of  the  specimen  which  have  been  passed  by  the  transversal  waves. 
In  the  schematic  representation  of  the  wave  propagation  (Figure  5.1)  this  corre¬ 
sponds  to  the  region  which  is  surrounded  by  the  lines  that  connect  the  points 
A,  G,  H  and  B. 

It  is  remarkable  that  the  transversal  waves  are  visible  in  thick  glass  specimen  at 
high  loadings.  On  the  photographs  16  to  20  no  more  crack  centers  are  gener¬ 
ated  between  the  longitudinal  wave  and  the  transversal  wave.  It  is  assumed 
that  in  this  phase  the  amplitude  of  the  longitudinal  wave  has  decreased  so  far 
that  the  intensity  is  no  longer  sufficient  for  nucleation.  As  long  as  the  intensity 
of  the  compressive  wave  is  sufficiently  high  for  nucleation,  the  damage  velocity 
is  approximately  equal  to  C|..  This  is  confirmed  by  the  path-time  curve  of  this 
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,  ,experiment;;whlch4,s;shoyy^^  in , Figure  :9;5.  -Tt)is  experiment  .alsp.demonstrates 
,  that-damage^pippagationiatlongitudinal'-w  yejocity:is:pbssibie;in  thick. piates. 
;;Xive:.expenmentvproves'fur,therrnpre.that,nuc!eatipnLis;ppssi,bie.,without.t  iriflu- 
■  ieh^beip^^tiesshearw^  at^the.jsurfaces'tpf,  .the;  target-  plate.  The.dis- 

.starice;..p.bejtweenttbe;pressure;ipulsesrisv135''mm  , with -a, ‘plate-  thickness. of  100 
.<mmahd;ajPpjssori;ratiai/>=  ;  i  . 

The-'third^giass.ibiockKyyas’  impactedtat  416  ;m/s;iln>thisrexperiment, 'a -second 
,cjmera\wasiadded-to  theAequipment’jia;prder.'to..obseryeAthe:damage:;p,ropaga- 
tipn<fr6ms;the,side!andftfrortitthe<;tppjsimuitane6usly.  .Figure'-9i6'=shows  a.sche- 
.maticrdravyingjof  ^the.'.experimenfaiiset-up.iAvrhirrori'wastpositipned'below.’the 
>specinf)eq'vyhlch.,was;;pjacedr6p;a>poiyc%bonat^^  plate^so>.that  the. light- from ;the 
.sparks'couldjpass^throughitheitargeti’fixing  andlthe;  target.  A  lens  focuses  the 
.light.above.the,specimen<and:a  mirror.;reflects'it!towards''.the  camera.  The  opti¬ 
cal  arrangement  for  the /observation  from  - the:  side  Js  the  same  as  in  all  the 
experiments  with  thin  plates.  Figure  9.7a  shows  the  complete  series  of  photo¬ 
graphs  In- the  .side -view, -the  top  view  photographs  are  shown  in  Figure  9.7b. 
The  frame  rate  was  500  kHz. 


Figure  9.3  Complete  series  of  high-speed  photographs  of  a  100  mm  thick  K5. 

block  impacted  at  Vp  =  1040  m/s  (shot  no.  10327);  frame  rate 
1  MHz  (imfKict  direction  from  right  to  left) 


■ujuaiawia 


[  ifjiiri;  y.  /a  Complete*  ecriei;  of  fiiyft  ppuo(f  ptiotufjr:i|)fi'j  of  u  K[i  block 


(200  rnrn  x  100  mm  x  100  ftim)  im[)<'if;l(MJ  at  41  G  m/;,;  siclc.*  view 
(f.tiol  no,  10GO/) 
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The  wave  propagation,  is  very  clearly  visible  in  both  directions  of  observation. 
lirw'o':transversal5wayes'«are:pbseryed-  wliich;are,  generate^  at  the  edge  of,' the 
•  pfpjectile./Theidevelbpment:  of,.sphericai«craclc  -centers  -is  visible  most  clearly 
frorn.;pho.tograpHs56'To;i10.  Jheifirst •crack-center  is, w  seen  close  behind  the 
.upper,  transversa(?;wave*“pn!;photp^  ■  Only, -the  development  of  this  first 

’cracl<:cente.ri,cari’.b’eiqbser,ved  in,the,  tpp.iyievv  because  it- cpyers  the  other  ones. 
^he;patHt,time' cufve^  (Figurd; 9:8iireyeal;,that  the-firstThree  leading  crack  cen- 
ter‘srare-,generated{bynhevtransversal.-yyay^^  TheTpurth  crapk  center  which  is 
pWeryedf.flfst^p.n.-^phptipgraph: '1 2,sseems<To, "bp-generated*. by  the  iongitudinai 
..waye;-  Its  ppsitipri.  in.the.patK;time  curve  is-betyy.een  the  two  straight  lines  which 
represent'tiie  iphgitudirial  and’the  transversal  waves!  This  crack  center  exhibits 
the  1  same -eiiipsoidai  shape  as*it  was  found  with  most  of  the  crack  centers 
observed  in  thin;  plates.  A  comparison  of  the  side  and  top  view  photographs 
shows  that -this  crack  center  is  piaced  on  the  surface  of  the  specimen.  Figure 
9.9  shows -eniargements  of  photograph  13  in  both  directions  of  observation. 
The  crack  center  considered  is  marked  with  an  arrow.  The  series  of  the  top 
view  photographs  aiso  shows  that  cracks  are  continuousiy  generated  along  the 
surfaces.  It  is  not  possible  to  make  a  clear  distinction  between  the  cracks  that 
started  from  the  surface  and  those  cracks  which  started  from  the  impacted 
edge  of  the  specimen  In  the  side  view.  But  the  combination  of  both  directions  of 
observation  has  demonstrated  that  the  spherical  crack  centers  are  generated  in 
the  Interior  of  the  glass  block.  From  this  result  it  is  concluded  that  the  spherical 
crack  centers  observed  close  behind  the  longitudinal  wave  in  shot  no.  10327 
(vp  =  1040  m/s)  were  in  the  interior  of  the  specimen,  too. 


Figure  9.8  Path-time  plot  of  shot  no.  10697 
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Figure  9.98  Shot  no.  10697,  photograph  no.  13,  side  view,  25  /js  after  impact 


i 


Figure  9.9b  Shot  no.  10697,  photograph  no.  13,  top  view,  25  /js  after  impact 
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10.  Failure  Waves 

10.1  Review  of  VVork  on  Failure  Waves 

An  alternative  apprqacKJtq  thesdescription  of  fracture  and  damage  propagation 
in  glasses  instead  of.thejjjarriageiveldcity'conce'p't.was.chosen  by  several  inves¬ 
tigators  during  the  last?four  year's..Th‘e  concept  df^failure  waves  was  introduced 
first  by  Rasorenov,  Kanel,  Fortbv  and’^^basehoytin  1991,’[16J.  They  performed 
planar  shock  wave  experiments : with.Tused^tjuartz,  and , the  optical  glass  K19. 
The  free  surface  velocity  was  meaXufed:and-;fr6rn, 'the;- wave  profiles  it  was 
inferred  that  a  zone.  of>failed;''material.->expanXed,;into  The  .specimens  from  the 
impacted  surface.  This-pfocess  was-described  and;interpreted  as  the  propaga¬ 
tion  of  a  failure  wave.  Failure  wave  veipcities  1.5  km/s  were  observed.  Spal¬ 
lation  was  not  found  when  the  impact  conditions  were  chosen  such  that  the 
expected  spall  plane  was  located  in  the  zone  which  had  been  passed  by  the 
failure  wave.  From  this  the  authors  concluded  that  the  failed  layer  had  zero 
resistance  to  tension  and  a  reduced  impedance  was  inferred  from  the  increase 
of  the  surface  velocity  In  the  wave  profile. 

Kanel  et  al.  [17]  obtained  similar  wave  profiles  In  experiments  with  K8  glass 
where  the  longitudinal  and  lateral  stresses  were  measured  with  manganin 
gauges. 

In  order  to  examine  the  existence  of  failure  waves  in  glass  Brar  et  al.  (18]  per¬ 
formed  plate  impact  experiments  (uniaxial  strain)  on  soda-lime  glass  and  pyrex. 
The  stress  profiles  were  measured  at  the  interface  of  the  rear  side  of  the  target 
plate  and  a  PMMA  backing  by  means  of  manganin  gauges.  Brar  et  al.  inter¬ 
preted  the  results  of  the  plate  impact  experiments  in  terms  of  failure  waves  and 
concluded  that  "the  spall  strength  of  soda  lime  glass  depends  on  the  location  of 
the  spall  plane  with  respect  to  the  propagating  failure  wave".  The  failure  wave 
velocity  observed  was  1.7  km/s. 

Additionally,  bar-impact  experiments  (uniaxial  stress)  were  performed  on  these 
materials  (Brar  and  Bless  (19))  and  the  fracture  propagation  was  observed  with 
a  high-speed  Imacon  framing  camera.  Brar  and  Bless  observed  failure  front 
velocities  in  pyrex  bars  between  2300  m/s  and  5200  m/s.  The  failure  front 
velocity  increased  with  increasing  loading. 

Recently,  Raiser  and  Clifton  (20)  examined  the  influence  of  surface  roughness 
on  the  formation  of  failure  waves.  They  conducted  plate  Impact  experiments  on 
aluminosilicate  glass  specimens  and  the  free  surface  velocity-time-profiles  were 
measured.  The  experiments  delivered  no  evidence  to  suggest  a  significant  influ¬ 
ence  of  surface  roughness  on  the  formation  of  a  failure  wave.  On  the  basis  of 
these  experiments  Clifton  (21]  proposed  a  micromechanical  explanation  of  the 


failure  wave  phenomenon  and  developed  an  analytical  model  for  the  Interpreta¬ 
tion  of  failure  waves  as  propagating  phase  transitions. 


10.2  Plate  Impact  Tests  of  K5  Glass 

The  optical  glass  K5  (p  =  2.59  g/cm*,  Ci  =  5750  m/s)  .used  in  the  investiga¬ 
tions  of  fracture  and  damage  is  very  similar  to  the  K19  glass  (p  =  2.62  g/cm^  , 
Cl  =  5600  m/s)  used  by  Kanel.  Therefore,  it  was  ^expected  that  plate  impact 
tests  with  K5  glass  could  provide  a  link.betvyeen  the  ifailure  wave  concept  and 
the  damage  velocity  concept. 

Two  experiments  on  K5  were  performed  by  H.  Nahme  and  his  coworkers  at 
EMIi  Freiburg.  Steel  plates  of  three  millimeters  thickness  were  used  as  impac- 
tcrs.  The  thickness  of  the  target  plates  was  10  mm.  In  the  first  experiment, 
which  was  conducted  at  an  Impact  velocity  of  Vp  =  765  m/s  the  signal  was  cut 
after  2.5  tjs  and  no  statement  could  be  made  about  failure  wave  propagation  or 
spallation.  The  second  experiment  was  conducted  at  Vp  =  839  m/s.  The  c'-ite- 
spending  free  surface  velocity-time  plot  is  shown  in  Figure  10.1,  the  di.,;ance- 
tlme-piot  In  Figure  10.2.  The  wave  profile  (Fig.  10.1)  exhibits  no  typical  pull 
back  signal  as  it  Is  found  when  spallation  occurs.  The  late  rise  of  the  free  sur¬ 
face  velocity  at  about  2.6  ijs  does  not  seem  to  Indicate  spall  because  in  case  of 
spallation  the  rise  in  velocity  should  occur  earlier  (Fig.  10.2).  Additionally,  a 
reflection  of  the  waves  at  the  spall  plane  would  have  lead  to  another  decrease 
of  the  free  surface  velocity.  When  the  rise  at  2.6  /js  Is  interpreted  as  the  arrival 
of  a  compression  wave,  caused  by  reflection  of  the  release  wave  at  a  layer  of 
foiled  mateiial  with  a  lower  Impedance,  a  failure  wave  velocity  can  be  derived  of 
about  1000  m/s.  We  suppose  that  the  increase  of  pressure  could  have  pre¬ 
vented  the  formation  of  spall  in  this  case  [22]. 
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Figure  10.1  Free  surface  velocity  versus  time  from  plate  impact  experiment 

Gla296  on  K5  glass,  performed  by  H.  Nahme  and  coworkers  (EMI, 
Freiburg) 
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Figure  10.2  Distance-time  plot  of  the  plate  impact  experiment  Gla296 


10.3  Discussion 


Onsoneshand;  the  ifailure.wave:  velocity 'Of  lOOO-m/s,-  which  was  derived  froRi 
•  oiir  pjate.'lmpact.experiment  on  K5;glass,  corfesponds'to  the  velocities  of  failure 
waves  observed  by  Kanel  In  the  K19  glass.'.^On  the-other  hand,  these  velocities 
are  low  compared  to  the  damage  velocities  that  were  observed  at  similar  Impact 
velocities^with.  edge-on  irhpact  experiments.'Nevertheless,  we  think  that  there  is 
no  contradictionubetween'-these  results.  :lnKthe  •  platen  Impact  experiments  the 
specimen  is  submitted  to  uniaxiai  strain  whereas  the  loading  situation  is  very 
comjjlexit.in ’.the  >edgeron  tests'.  Furthermore 'there  ■•are -’big  differences  in  the 
dimerisiohs  of  the. specimens 'and  the  time  Intervals  of  observation.  In  the  plate 
irnpacts  only  the- damage  is  probed-that  propagates  from  the  impacted  surface 
into  the  specimemover  a  period  of  a  few  microseconds,  in  the  edge-on  experi¬ 
ments  the  damage  is  considered  up  to  distances  of  100  mm  or  more 
(experiments  with  blocks  of  K5)  from  the  impact  surface  over  time  intervals  of 
about  30  fjs.  When  comparing  the  results  of  the  two  different  types  of  experi¬ 
ments  one  has  to  be  aware  of  the  fact  that  in  the  damage  velocity  concept  the 
damage  velocity  is  determined  by  the  formation  of  severai  crack  centers  which 
have  been  initiated  by  the  stress  waves.  This  means  that  the  damage  in  the 
zone  which  has  been  passed  by  the  stress  waves  is  restricted  to  the  crack 
centers  first.  (The  crack  centers  themselves  expand  at  terminal  crack  velocity  in 
all  directions.)  For  example  a  damage  velocity  equal  to  transversal  wave  velocity 
Ct  does  not  mean  that  the  specimen  is  totally  destroyed  in  the  region  which  has 
been  passed  by  the  transversal  waves.  This  is  clearly  demonstrated  by  the 
experiments  on  the  thick  blocks  of  K5  glass  (see  for  example  Fig.  9.7a  and 
9.7b).  The  damage  Is  localized  in  the  crack  centers  at  the  front.  If  in  such  an 
experiment  the  wave  propagation  were  probed  in  the  same  way  as  in  the  plate 
impact  tests,  the  results  for  failure  wave  velocities  would  be  different  from  the 
observed  damage  velocity.  The  release  wave  would  probably  not  be  reflected 
from  the  few  crack  centers  which  are  advanced  most.  Probably  the  wave  would 
be  reflected  only  when  the  density  of  crack  centers  and  fracture  is  high  enough. 
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1 1 .  Summary  of  the  Results  with  Glasses 

•  The  .propagation  of  ..waves  and  damage  at' impact  of  cylindrical  steel  projec- 
tllesj-was  inyestigatedsqualitatively  and.quantitativelyfor  four  different  types 
of  glasSi(k5,  .F6,rSF;6  and  floattglass). 

•  The -damagewelocities  .were,  measured  as  a  function  of  impact  velocity  and 
the.threshqlds  for.-the  nucleation. of. cracks  were  determined. 

•  All  four.  glasses  reyeal; a  .slmllar„behavlour..The:damage  velocity  equals  termi- 
nal  crack  velocity-atilpw  loadings,  <rises' to  transversal  wave  velocity  when 
nucleatlon  occurs  and- approaches  longitudinal  wave  velocity  with  very  high 
loadings.  The  behaviour,  was  observed  Independent  of  the  thickness  of  the 
target  plates. 

•  Three  experiments  with  thick  blocks  of  the  optical  glass  K5  were  performed. 
Simultaneous  side  view  and  top  view  high-speed  photography  was  applied  In 
one  of  these  experiments.  This  technique  allows  to  distinguish  between  sur¬ 
face  damage  and  damage  In  the  interior  of  the  specimen. 

•  The  experiments  demonstrated  that  nucleatlon  is  induced  in  the  interior  of  the 
specimen  when  the  intensity  of  the  stress  waves  exceeds  a  certain  threshold. 
The  spherical  shape  of  the  crack  centers  indicates  that  the  cracks  grow  in  all 
directions  at  the  same  speed. 
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Part  II. 


Experiments  with  Ceramics 
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12.  Compilation  of  the  Experiments 

Three  types  of  ceramics  were  tested:  "PAD"  -  SiC-B  (PAD  =  Pressure  Assisted 
Densified)  and  "PAD"  -  TiBi  from  CERCOM  Company  and  the  CeramTech  A 
1898  AI2O3  from  HOECHST  Company.  The  experiments  were  conducted  in  a 
similar  v</ay  to  the  experiments  with  glasses.  The  specimens  were  impacted 
edge-on  with  steel  cylinders  of  30  mm  diameter  and  23  mm  length.  The  dimen¬ 
sions  of  the  specimens  were  also  100  mm  x  100  mm  x  10  mm.  Fracture  propa¬ 
gation  was  observed  on  the  surfaces  of  the  specimens  by  means  of  a  Cranz- 
Schardin  camera  during  the  first  20  (is  after  impact.  In  order  to  visualize  the 
cracks  the  surface  of  the  ceramics  has  to  be  polished  mirror-like.  Otherwise  the 
intensity  of  the  reflected  light  would  not  be  sufficiently  high  to  observe  details. 
With  the  AljOa  specimens  a  mirror-like  surface  cannot  be  achieved.  Therefore, 
they  were  coated  with  a  thin  layer  of  silver  or  aluminium. 

It  is  not  possible  to  summarize  the  fracture  phenomena  observed  wiin  ceramics 
as  it  was  done  with  the  glasses,  where  a  few  types  of  damage  could  be  distin¬ 
guished  clearly.  Therefore,  the  single  experiments  are  described  in  detail  in 
Chapter  14.  An  attempt  to  classify  the  different  fracture  phenomena  Is  made  in 
Chapter  15.  The  experiments  performed  are  listed  in  the  Tables  12.1  (SIC),  12.2 
(TIB])  and  12.3  (AI2O3).  The  damage  velocities  denote  either  the  mean  velocity 
of  the  fastest  fracture  observed  or  the  mean  velocity  of  a  fracture  front.  This  is 
explained  in  the  description  of  each  experiment.  Two  SiC  specimens  were 
tested  at  Impact  velocities  below  30  m/s.  With  the  Impact  velocity  Vp  =  20  m/s 
no  cracks  were  generated  during  the  time  interval  of  observation.  However,  the 
Impacted  specimen  exhibits  one  single,  visible  crack  which  started  from  the 
Impacted  edge  and  has  a  length  of  about  1.5  cm.  The  fracture  propagation  at  vp 
=  25  m/s  could  not  be  observed  because  of  a  trigger  failure.  The  .specimen  was 
separated  Into  several  big  fragments  in  this  experiment. 


Table  12.1  Experiments  with  SiC 


Shot  No. 


I 

[N]  tm/s] 


227  486 

688  566 

1705  590 

5310  (7950) 

7228 
8077 
11422 
32134 
46944 
62108 
106257 
251833  -'m 

251833  -'f 

255258  11150 


m  misalignment  of  the  specimen 
’f  trigger  failure 


Table  12.2  Experiments  with  TiBj 


Shot  No. 


Vp 

E-A 

Vd 

(m/s] 

INI 

[m/s] 

31 

256 

4850 

54 

776 

5600 

62 

1023 

6680 

70 

1303 

7290 

85 

1922 

7470 

108 

3103 

8370 

150 

5985 

8760 

210 

11731 

9250 

353 

33146 

oooo’"" 

564 

84614 

10420 

683 

124086 

-•f 

784 

163540 

11195 

1000 

266000 

11510 
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Table  12.3  Experiments  with  AijOj  (CeramTech  A’ 1898) 


Shot  No. 

'Vp 

(m/sl 

EA 

(N!  , 

Vo 

[m/s] 

10131 

31 

311 

'■  3090 

10132 

85 

2337 

5310 

10134 

150 

7277 

5635 

10135 

220 

15653 

9630 

5570 

707 

104968 

9400 

5542 

1062 

139200 

9500 

13.  Material  Properties 

Physical  and  mechanical  properties  of  the  ceramics  as  given  by  the  manufac¬ 
turer  are  listed  in  Table  13.1. 

Table  13.1  Physical  and  mechanical  properties  of  the  ceramics 


Material 

SiC 

TiBj 

AI2O3  (98  %) 

Density  p  Ig/cm’] 

3.23 

4.52 

3.79 

Young's  Modulus  [GPa] 

427 

537 

360 

Compressive  Strength  (GPa) 

3.41 

4.82 

4 

Bulk  Modulus  [GPa] 

223 

233 

... 

Shear  Modulus  [GPa] 

195 

249 

... 

Poisson's  Ratio 

0.14 

0.11 

Cl  [m/s] 

12250 

11285 

10440 

c,  [m/s] 

7765 

7431 

... 

The  structure  of  the  three  types  of  ceramics  is  very  different  which  can  be 
recognized  from  the  three  micrographs  shown  in  Figure  13.1.  The  SiC  is  a  very 
fine  grained  material  with  an  average  grain  size  of  2  //m,  whereas  the  average 
grain  size  in  the  alumina  is  9  tim.  The  maximum  grain  length  observed  with 
these  two  ceramics  is  about  30  tim.  Much  bigger  differences  in  the  size  of  the 
grains  occur  in  the  TiB^,  where  the  dimensions  of  the  smallest  grains  are  a  few 
micrometers  and  the  largest  grains  attain  lengths  of  about  180  ijm.  However, 
the  most  important  feature  of  this  material  is,  that  it  exhibits  cracks  already  in 
the  initial  state.  These  cracks  predominantly  occur  along  the  boundaries  of  the 
large  grains  or  they  cleave  large  grains  over  their  full  length. 
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14.  Descriptionjahd:Evaluati6n'pf  Damage- 

14.1  Experiments;with  SiC 

Shot  No.  10105  {SiC,->yp,=»31  in/s)*  ■ 

A  selection  of  six  fiigh-s^eed  photographSisHows  the  specimen  between  4ps 
and  20//s>after  impact^in  Figure.-i4^  loading  from  left  to  right).  On 

some  of- the  photogfaphs-  cohcehtfic  rihjgs  can  ':be  seen  on  the  surface  of  the 
ceramic  plate  whichrafe  cauXed’by  the  polishing- process., Several  cracks  start 
from  the  impacted  . edge,  the  crack  that  is  opened  most  widely  starts  from  the 
impact  site  of  the  iovvef  edge  of  the  projectile.  Above  this  crack  two  other 
cracks  (R1,  R2)  propagate  nearly  parallel  on  a  curve  into  the  specimen. 
Branching  occurs  frequently  with  the  lower  crack.  The  mean  velocities  of  the 
two  cracks  R1  and  ,R2  are  Vct  =  3690  m/s  and  Vcj  =  4860  m/s.  The 
corresponding  path-time;  curves, are  shown  In  Figure  14.2.  All  the  cracks  that 
could  be  seen  on  the  high-speed  photographs  ware  found  in  the  specimen 
which  could  be  rebulltifrom  the  recovered  fragments  (Fig.  14.3).  The  fine  cracks 
that  branch  off  R2  can  be  recognized,  too,  but  they  do  not  reach  to  the  back 
side  of  the  plate.  Only  the  main  fracture  pierces  the  plate  completely. 

When  comparing  the  high-speed  photographs  to  the  photographs  of  the  reas¬ 
sembled  specimens  one  has  to  take  into  consideration  that  all  the  photographs 
of  the  specimens  are  flipped  over  with  respect  to  the  impact  axis. 


Figure  14.2  Path-time  piots  of  shot  no.  10105 


Impect  site  -* 


rr- 


\ 


Figure  14.3  Reassembied  specimen  of  shot  no.  10105 
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Shot  No.  10111  (SiC,  Vp  =  54  m/s) 

The  first  one  of  the  high  speed  photographs  (Fig.  14.6)  shows  that  crack  for¬ 
mation  starts. at  the' jnripact  of  the  upper  edge  pf  the  projectile.  Several  cracks 
which  propagate,  nearly- parallel  form  a  triangular  fracture  zone,  similar  to  the 
secondary  fracture  zones  observed  with  glasses.  This  can  be  recognized  most 
clearly  frorn  photograph  No.  4  8 //s  after  impact  (Fig.  14.6).  The  crack  which 
starts  from  the  impact  site  of  the  upper  edge  of  the  projectile  divides  into  three 
main  branches.  The  velocity  of  the  three  branches  is  in  the  range  from  4670 
m/s  (Fig.  14.7a|  to  5230  m/s  (Fig.  14.7b).  From  the  4th  photograph  on,  two 
other,  frequently  branching  cracks  are  observed  which  propagate  with  a  mean 
velocity  of  5660  m/s  (Fig.  14.7c).  The  last  photograph  shows  clearly  that  the 
upper  one  of  these  two  cracks  has  a  sharp  edge  first.  Figure  14.4  shows  the 
impacted  specimen  rebuilt  from  the  recovered  fragments.  The  arrow  points  to 
the  place  of  the  transition  between  the  two  fracture  types.  An  inspection  of  the 
crack  surfaces  (Fig.  14.5)  exhibits  the  place  where  the  transition  from  a  crack 
with  sharp  edges  to  a  crack  with  fuzzy  edges  occurs.  The  fracture  surfaces  are 
smooth  from  the  impacted  edge  on.  Then,  several  grooves  radiate  from  a  place 
on  the  back  surface  of  the  plate  can  be  seen.  The  further  crack  propagation 
generates  rough  crack  surfaces  where  no  directed  structure  can  be  recognized. 


Figure  14.4  Reassembled  specimen  of  shot  no.  101 1 1 


Figure  14.5  Fracture  surface  which  changes  from  smooth  (sharp  edges)  to 
rough  (fuzzy  e.'ges)  of  shot  no.  10111 


i  Figure  1 4.7  Path-time  plots  of  shot  no.  1 01 1 1 

1 


i  Shot  No.  10107  (SIC,  Vp  =  85  m/s) 

v 

;  The  high-speed  photographs  (Fig.  14.8)  show  the  specimen  during  the  interval 

;  of  time  from  4;[/s  to  18  //s  after  impact.  Many  cracks  radiate  from  the  impacted 

J  edge.  The  cracks  that  start  from  the  impact  site  of  the  edge  of  the  projectile 

I  have  opened  most  widely  in  the  beginning  (photographs  1-3).  These  cracks 

f  will  be  denoted  cone  cracks  in  the  following.  The  designations  for  the  different 

!  types  of  cracks  are  chosen  analogous  to  the  designations  of  the  fracture  types 

^  in  glass.  The  cracks  which  are  generated  in  the  region  between  the  cone  cracks 

!  are  called  primary  cracks.  The  cracks  above  and  below  the  cone  cracks  are 

denoted  secondary  cracks.  The  secondary  cracks  start  in  a  direction  perpen- 
'  dicular  to  the  impacted  edge,  change  their  direction  of  propagation  after  a  very 

•  short  time  and  then  grow  neariy  parallel  to  the  cone  cracks.  This  can  be  recog¬ 

nized  most  cleariy  on  photograph  1 . 

1 
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Figure  14.8  High-speed  photographs  of  shot  no  10107 
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A  vyaye  front  precedes  the  fracture  front.  The  mean  velocity  of  the  wave  is 
7180  m/s  (Fig.  14.10  a),  which  means  that  it  is  a  transversal  wave.  The 
damage  which  can  be  seen  at  the  lower,  edge  of  the  specimen,  in  front  of  the 
observed  waye,  is  generated  during  the  reflection  of  the  longitudinal  wave. 
Photograph' 5  <  shows  that  the  cracks  which  branch  off  the  main  fracture 
suddenly  include  a, bigger  angle  with  the  main  direction  of  fracture.  This  is  due 
to  the  interaction  of  the  crack  tips  with  the  relief  wave  that  was  generated  at 
the  rear  edge  of  the  specimen. 

The  area  immediate  in  front  of  the  projectile  appears  black  on  the  photographs, 
which  means  thsi  no  light  is  reflected  to  the  camera  from  there.  The  contour  of 
this  area  changes  with  time.  Parts  of  the  surface  within  this  area  which  appear 
black  on  one  photograph,  are  again  visible  at  a  later  time.  From  this  observation 
it  can  be' concluded  that  elastic  deformation  of  the  ceramics  is  one  of  the 
causes  for  the  deflection  of  the  light.  Additionally,  shell-shaped  fragments  are 
generated  In  the  impact  zone.  When  such  a  fragment  is  separated  from  the 
ceramic  plate  It  sometimes  happens  that  the  polished  surface  of  the  fragment  is 
inclined  with  respect  to  the  surface  of  the  undamaged  specimen  just  at  such  an 
angle,  that  the  light  from  one  spark  is  reflected  to  another  lens  of  the  camera.  A 
part  of  the  film  is  then  exposed  twice  and  the  contour  of  the  fragment  appears 
more  bright  on  the  photograph.  The  bright  spot  in  photograph  1  results  from 
such  a  process,  too. 


Figure  14.9  Reassembled  specimen  of  shot  no.  10107 
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All  the  cracks  that  had  been  observed  during  impact  were  found  in  the  speci¬ 
men  which  was  rebuilt  from  the  recovered  fragments  (Fig.  14.9).  The  surfaces 
of-the  radial  cracks  R2  to  R4  are  smooth  along  the  first  10  to  15  mm  from  the 
impacted  edge  and  become  rough  then.  The  cracks  R5  and  R6  do  not  pierce  the 
specimen  on  the  first  25  mm  from  the  impacted  edge.  R7  and  R8  do  not  pierce 
the  ceramic  plate  over  their  full  length.  The  mean  velocitles  of  the  cracks  were 
in  the  range  from  Vo  =  4900  m/s  to  Vcj  =  5220  m/s  (Fig.  14.10),  the  mean 
velocity  of  the  fracture  front  was  Vq  =  5900  m/s. 


a) 


b) 


Figure  14.10  Path-time  plots  of  shot  no.  10107 


i 


1 


I 
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Shot  No.  10118  (SiC,  Vp  =  150  m/s) 

The  high-speed  photographs  (Fig.  14.11)  shovy  the  specimen  over  a  period  of 
11  fjs.  The  fracture  .pattern  consists.of  cone  cracks,  about  15  radiai  cracks  and 
a  few  :s'ecbndary  cracks,  the.  black' area  is  restricted  to  the  region  between  the 
cone  cracks.  The  wave  ahead  of  the  fracture  front  propagates  at  a  mean  veloc¬ 
ity  of  7156>m/s  (Fig.  14.12a).  The  rhean  velocity,  of  the' radial  cracks  varies  in 
the  range  from  4960  m/s  to  5380jtTi/s  .(R6)  excepted  R8  and  R12.  (The  upper 
cone  crack  has  the  number  one.  The  other  cracks  are  counted  clockwise.)  R8 
grows  much  faster  (Vcs  =  7950  m/s  )  than  the  other  cracks  whereas  R12 
propagates  much  slower  (vcu  ="4400  m/s).  The  mean  velocity  of  the  upper 
cone  crack  is  4110  m/s.  A  compilatlqn.df  the  corresponding  path-time  curves  is 
shown  in  Fig.  14.12b  to  14.12e.  The  measured  values  of  the  positions  of  dif¬ 
ferent  crack  tips  are  nearly  equal  in  some  cases.  Therefore,  not  all  the  path-time 
curves  are  shown  in  Fig.  14.12. 

One  of  the  secondary  cracks  could  be  observed  on  several  photographs.  The 
mean  velocity  is  4350  m/s. 

An  inspection  of  the  projectile  showed  that  the  specimen  had  been  slightly 
misaligned  with  respect  to  the  shot  axis.  The  projectile  hit  the  plate  on  the  back 
side  first.  This  is  probably  the  reason  for  the  difference  of  2  fJs  between  the 
extrapolated  onset  of  fracture  and  wave  propagation  (Fig.  14.12a)  and  explains 
the  intersection  of  the  straight  lines. 


s  [mm]  s  [mm] 
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Shot  No.  10137  (SiC,  Vp  =  175  m/s) 

The  photographs  in, Figure  14.14  shqvy  the, development  of  damage  in  the  SiC 
specimen-impacted'with' 175  m/s.  In  particular,  the  photographs  4  to  6  clearly 
exhibit  secondary  pracks'beloyy  the  impact  zone,  the  evaluation  of  the  positions 
of  the  crack  tips.resu)ted  'in;mean  velocities  pf  2910  m/s,  3060  m/s,  3540  m/s 
and  3980  m/s.  three  of  the  primary,  cracks  could  be  observed  over  a  period  of 
several  .microseconds,  the  mean  velocities-  are  Vd  =  6050  m/s,  Vo2  =  6620 
m/s  and  Vca  =  6500  m/s  (Fig.  ■14'.13).  The  other  primary  cracks  could  not  be 
evaluated  because  of  the  black  area,  which  was  restricted  to  the  region 
between  the  cone, cracks  in  this  experirhent,  too. 

At  a  distance  of  about  1  cm  from  the  rear  edge  of  the  specimen  a  spall  zone 
can  be  observed  on  photograph  10.  The  next  photograph  shows  a  second  spall 
zone  between  the  edge  of  the  plate  and  the  first  spall  zone. 


Figure  14.13 


Path-time  plots  of  the  main  fractures  R1,  R2,  R3  and  the 
secondary  cracks 
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Shot  No.  10325  (SiC,  Vp  =  185  m/s) 

The  fracture  propagation  in  SiC  after  impact  at  185  m/s  is  shown  in  Figure 
14.16.  In  this  experiment  the  specimen  exhibits  secondary  cracks  most  clearly. 
The  mean  velocities  of  the  secondary  cracks  are  in  the  range  from  3240  m/s  to 
41 80  m/s.  The  cone  cracks  branch  out  frequently  and  grow  at  mean  velocities 
of  5360  m/s  (upper)  and  5410  m/s  (lower).  Three  main  fractures  with  fuzzy 
edges  have  developed  between  the  cone  cracks.  The  mean  propagation  veloci¬ 
ties  are  v^  =  5780  m/s,  Vcj  =  8270  m/s  and  Vcj  =  8220  m/s  (Fig.  14.15).  In 
this  case  Vc3  means  the  propagation  velocity  of  the  bundle  of  cracks  in  horizon¬ 
tal  direction  and  does  not  mean  the  velocity  of  the  single  cracks  that  form  the 
crack  bundle.  The  last  three  photographs  show  spall  zones  near  the  rear  edge  of 
the  specimen. 


Figure  14.15  Path-time  plots  of  shot  no.  10325 
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Shot  No.  10116  (SIC,  Vp  =  220  m/s) 

The  photographs  in  Figure  14.17  show  the  destruction  of  a  SiC  plate  after 
impact  at  220  m/s  over  a  period  of -8  ps.  Already  a  few  microseconds  after 
impact  a  dense  front  of  radial  cracks  can  be  observed.  Two  main  fractures 
develop  in  the  course  of  the  next  microseconds,,  which  consist  of  many  short 
cracks  with  fuzzy  edges.  These  cracks  are  generated  successively  and  close 
together.  The  main  fracture  path  in  the  center  of  the  specimen  propagates  at  a 
mean  velocity  of  9400  m/s  and  determines  the  damage  velocity  in  horizontal 
direction  (Fig.  14.20).  The  term  damage -velocity  Is  used  here,  because  the 
velocity  of  a  fracture  front  Is  considered  and  not  the  velocity  of  a  single,  con¬ 
tinuously  growing  crack. 


Shot  No.  10359  (SiC,  Vp  =  370  m/s) 

The  destruction  of  the  SiC  specimen  after  impact  at  370  m/s  is  illustrated  in 
Figure  14.18.  A  dense  fracture  front  which  consists  of  many  short  cracks  with 
fuzzy  edges  is  observed  during  the  first  microseconds.  Single  fractures  can  be 
distinguished  from  photograph  4.  However,  it  is  hardly  possible  to  measure  the 
propagation  velocities  of  the  different  fractures  because  the  crack  tips  can  not 
be  recognized  clearly.  Additionally,  the  edges  of  cracks  that  have  been  formed 
during  the  interval  of  time  between  two  photographs  are  shifted  with  respect  to 
the  positions  of  the  crack  edges  on  the  previous  photograph.  From  the  observa¬ 
tion  of  the  surface  it  is  not  possible  to  distinguish  whether  the  crack  surface  has 
turned  in  the  interior  of  the  plate  or  whether  a  new  crack  has  been  generated 
close  to  the  initial  crack.  Therefore,  the  whole  fracture  propagation  is  character¬ 
ized  by  the  damage  velocity  Vq  =  9250  m/s  in  this  case  (Fig.  14.21). 


Shot  No.  10358  (SiC,  Vp  =  446  m/s) 

With  this  experiment  the  projectile  did  not  hit  the  edge  of  the  specimen  prop¬ 
erly.  Therefore,  it  was  not  evaluated. 


Shot  No.  10362  (SiC,  Vp  =  513  m/s) 

Six  selected  photographs  (Figure  14.19)  show  the  damage  of  the  SiC  specimen. 
A  front  of  many  radial  cracks  with  fuzzy  edges  grows  at  high  velocity  into  the 
specimen.  It  is  not  possible  to  evaluate  single  cracks.  The  mean  velocity  of  the 
fracture  front  was  Vq  =  10090  m/s  (Fig.  14.22). 


Figure  14.17  High-speed  photographs  of  shot  no.  10116 


Figure  14,19  High-speed  photographs  of  shot  no.  10362 


Figure  14.22  Path-time  plot  of  shot  no.  10362 


i 
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Shot  No.  10142  (SiC,  Vp  =  670  m/s) 

Figure  14.25  shows  the  specimen  after  impact  at  670  m/s.  The  high  intensity  of 
the  stress  waves  causes  a  strong  deformation  of  the  surface  so  that  the  frac¬ 
ture  propagation  is  vastly  superimposed  by  the  black  area.  With  this  experiment 
and  all  other  shots  at  higher  impact  velocities  sparks  were  generated  at  the 
impacted  edge  of  the  specimen.  The  light  from  these  glowing  particles  is  seen 
on  the  photographs  in  the  form  of  bright,  curved  stripes.  The  mean  velocity  of 
the  damage  front  was  10260  m/s  (Fig.  14.23).  The  evaluation  of  tne  cracks 
which  can  be  seen  in  the  lower  half  of  the  specimen  resulted  in  fracture 
velocities  between  6700  m/s  and  6800  m/s. 


Shot  No.  10147  (SiC,  Vp  =  1040  m/s) 

At  the  impact  velocity  of  1040  m/s  the  fracture  propagation  is  superimposed  by 
the  impact  flash  and  the  black  area  first  (see  Fig.  14.26).  After  a  few  micro¬ 
seconds  a  dense  front  of  cracks  with  fuzzy  edges  can  be  recognized.  Single 
radial  cracks  occur  at  big  angles  against  the  shotline.  The  density  of  the  fracture 
front  decreases  rapidly.  The  damage  velocity  was  11150  m/s  (Fig.  14.24). 


J 
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Figure  14.26  High-speed  photographs  of  shot  no.  10147 


14.2  Experiments  with  TiBj 


Shot  No.  10108  (TiBj,  Vp  =  31  m/s) 

The  fracture  propagation  in  TiBj  after  impact  at  31  m/s  is  illustrated  in  Figure 
14.27.  The  lower  cone  crack  can  be  recognized  first  and  evaluated  on  four 
photographs.  The  mean  velocity  of  this  crack  was  Vc  =  4850  m/s  (Fig.  14.33). 
The  other  cracks  were  only  visible  when  they  had  reached  the  edge  of  the 
specimen.  The  concentric  rings  on  the  surface  are  due  to  the  polishing  process. 
SImilar'to  the  experiments  with  SIC,  the  specimens  could  .a  rebuilt  from  the 
fragments  at  impact  velocities  below;90  m/s.  The  reassembled  ceramic  plate  of 
this  experiment  is  shown  in  Figure  14.30. 


Shot  No.  10110  (TiBj,  Vp  =  54  m/s) 

Figure  14.28  shows  six  high-speed  photographs  of  a  TIBj  specimen  which  was 
Impacted  at  54  m/s.  The  cone  cracks  can  be  seen  first  and  the  propagation 
velocity  of  the  lower  cone  crack  is  4950  m.'s.  About  10  to  15  radial  cracks 
develop  in  the  primary  fracture  zone.  The  edge?  of  the  cracks  appear  as  fine 
sharp  lines  and  a  portion  of  them  cannot  be  scan  over  their  full  length.  Some  of 
the  cracks  or  visible  parts  of  cracks  cannot  be  associated  with  cracks  tnat  have 
grown  from  the  impacted  edge.  The  damage  velocity  is  determined  by  the 
velocity  of  the  main  fracture  MF  which  grows  just  below  the  center  of  the  plate 
(see  Fig.  14.34)  at  a  mean  velocity  of  Vo  =  5C00  m's.  The  reassembled  speci¬ 
men  (Fig.  14.31)  exhibits  all  the  cracks  seen  on  the  fiigh-speed  photographs.  It 
is  remarkable  that  only  a  few  main  cracks  pierce  the  specir.en  whereas  most  of 
the  primary  cracks  observed  on  the  high-speed  photoor.iphs  do  not  extend  to 
the  back  side  of  the  ceramic  plate. 


Shot  No.  10130  (TiBj,  Vp  =  62  m/s) 

A  TiB2  specimen  after  impact  at  62  m/s  is  shown  in  Figure  14.29.  One  crack 
(R1)  with  a  sharp  and  smooth  edge  which  includes  a  big  angle  with  tha  shot  line, 
propagates  at  Vc  =  3840  m/s  into  the  specimen.  A  second  crack  (R2)  proceeds 
on  a  curve  first  and  then  straight  ahead  at  a  mean  velocity  of  Vc  =  6070  m/s 
(Fig.  14.35).  This  crack  exhibits  sharp  edges  in  the  beginning  and  fuzzy  edges 
at  a  later  time.  An  examination  of  the  crack  surfaces  dio  not  show  any 
significant  difference  in  the  structure  of  the  part  where  the  edge  appeared  sharp 
and  the  part  which  corresponds  to  the  fuzzy  edges.  The  fracture  front  in  the 
lower  half  of  the  specimen  propagated  at  6680  m/s.  The  reassembled  specimen 
IS  shown  in  Figure  14.32. 


Figure  14. 2S  High-speed  photographs  of  shot  rio.  10130 


Figure  14.32  Reassembled  specimen  of  shot  no.  10130 
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Shot  No.  10119  (TiBj,  Vp  =  70  m/s) 

A  field  of  cracks  or  visible  edges  of  cracks  develops  between  the  two  cone 
cracks  in  a  1102  specimen  which  was  impacted  at  70  m/s  (Fig.  14.36).  Most  of 
the  cracks  do  not  pierce  the  specimen  as  the  photograph  of  the  reassembled 
ceramic  plate  (Fig.  14.39)  shows.  In  this  experiment  the  lower  cone  crack 
propagated  at  4240  m/s.  The  damage  velocity  Vo  (velocity  of  the  front  of  the 
fracture  field)  was  7290  m/s  (Fig.  14.41). 


Shot  No.  10109  (TiBj,  Vp  =  85  m/s) 

Figure  14.37  shows  the  destruction  of  a  TiB2  specimen  after  impact  at  85  m/s. 
The  front  of  the  crack  field  propagates  with  a  mean  velocity  of  7470  m/s  (Fig. 
14.43),  the  upper  cone  crack  grows  at  4870  m/s.  One  continuously  growing 
crack  with  a  sharp  edge  (R  3)  was  observed  which  could  be  evaluated.  The 
crack  velocity  Ve  was  4080  m/s  (Fig.  14.43).  After  the  reflection  of  the  stress 
wave  at  the  rear  edge  of  the  specimen  a  spall  zone  Is  observed  at  a  distance  of 
1.1  cm  from  this  edge.  A  few  secondary  cracks  were  observed  in  this  experi¬ 
ment  and  in  some  of  the  other  experiments  at  low  impact  velocities.  The  forma¬ 
tion  of  secondary  fracture  zones,  as  observed  with  glasses  and  In  a  few  cases 
with  SiC,  was  never  observed  with  TiB2.  The  photograph  of  the  reassembled 
specimen  (Fig.  14.40)  shows  that  much  more  of  radial  cracks  have  pierced  the 
ceramic  plate  compared  to  the  shots  at  lower  velocities.  The  inspection  of  the 
crack  surfaces  confirmed  that  an  unambiguous  correlation  between  the  appear¬ 
ance  of  the  crack  edges  at  the  surface  of  the  plate  and  the  structure  of  the 
crack  surfaces  cannot  be  established.  Only  the  fractures  parallel  to  the  polished 
surface  of  the  plates  exhibit  smooth  surfaces. 


Shot  No.  10326  (TiBj,  Vp  =  108  m/s) 

A  dense,  homogeneous  field  of  cracks  developed  after  the  impact  at  108  m/s  in 
T1B2  specimen  (see  Fig.  14.38).  The  front  of  the  crack  field  propagated  at  a 
mean  velocity  of  8370  m/s  (Fig.  14.42). 


Figure  14,38  High-speed  photographs  of  shot  no.  10326 
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Figure  14.39 


Reassembled  specimen  of  shot  no.  10119 


Figure  14.40  Reassembled  specimen  of  shot  no.  10109 


Shot  No.  10136  (TiBz,  Vp  =  150  m/s) 

The  fracture  front  and  the  lower  cone  crack  (sharp  edge)  could  be  evaluated 
after  the  TiBj  specimen  was  impacted  at  150  m/s.  The  damage  process  is  illus¬ 
trated  in  Figure  14.44.  The  damage  velocity  was  8760  m/s,  the  lower  cone 
crack  grew  at  4370  m/s  (Fig.  14.45).  The  black  spots  that  are  visible  within  the 
crack  field  seem  to  correspond  to  small  pits  where  material  is  broken  out  of  the 
surface  of  the  ceramic  plate.  This  hypothesis  is  based  on  the  examination  of  the 
surfaces  of  recovered  fragments.  Figure  14.46  shows  a  photograph  of  two 
fragments.  Along  the  paths  of  several  cracks  pits  have  formed  where  material  Is 
broken  out.  Another  remarkable  feature  of  some  fragments  is  that  they  are  just 
5  mm  thick  which  means  that  the  specimen  was  partially  cleaved  in  the  middle. 


Figure  14.44  High-speed  photographs  of  shot  no.  10136 
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Shot  No.  10117  (TiBz,  Vp  =  210  m/s) 

The  damage  processes  in  a  TiBj  plate  impacted  at  210  m/s  are  lilustrated  in 
Figure  14.47.  It  was  difficult  to  observe  the  cracks  in  this  specimen  because  of 
the  incornplete  finishing  of  the  surface.  The  evaluation  of  the  damage  front 
resuited  in  a  damage  velocity  of  9250  m/s  (Fig.  14.51). 

Shot  No.  10360  (TiBjf  Vp  =  353  m/s) 

After  impact  at  353  m/s  a  dense,  homogeneous  field  of  cracks  radiates  from  the 
impacted  edge  of  the  TiBj  specimen  (Fig.  14.48).  The  number  of  cracks  per  unit 
area  decreases  the  farther  the  field  has  propagated.  The  damage  velocity  was 
8390  m/s  (Fig.  14.52).  The  lower  damage  velocity  compared  to  shot  No.  10117 
(vp  =  210  m/s)  is  probably  due  to  a  misalignment  of  the  specimen.  The  axis  of 
the  projectile  was  shifted  a  few  millimeters  with  respect  to  the  middle  plane  of 
the  ceramic  plate  so  that  the  contact  area  was  smaller  compared  to  the  other 
experiments. 

Shot  No.  10367  (TiBj,  Vp  =  560  m/s) 

The  fracture  patterns  observed  after  impact  at  560  m/s  in  TiBj  (Fig.  14.49)  is 
very  similar  to  that  of  shot  No.  10360  (Vp  =  353  m/s).  A  fracture  field  radiates 
from  the  impacted  edge  and  the  number  of  cracks  per  unit  area  decreases  with 
time  of  propagation.  The  damage  velocity  was  10420  m/s  (Fig.  14.53).  The 
bright  stripes  which  superimpose  the  photographs  are  due  to  sparks  generated 
by  the  impact.  The  head  wave  of  the  projectiie  can  be  recognized  on  the  first 
three  photographs. 

Shot  No.  10143  (TiBj,  Vp  =  784  m/s) 

A  new  damage  phenomenon  was  found  with  TiB2  at  an  impact  velocity  of 
784  m/s.  The  photographs  of  the  specimen  (Fig.  14.50)  show  that  the  fracture 
front  IS  preceded  by  a  fieid  of  biack  spots  on  the  surface.The  damage  velocity, 
which  means  in  this  case  the  propagation  velocity  of  the  front  of  the  black 
spots,  was  11195  m/s  (Fig.  14.54).  Only  a  few  fragments  of  the  specimen 
couid  be  recovered,  most  of  it  was  comminuted  to  very  small  particles.  But  an 
examination  of  the  surfaces  of  the  recovered  fragments  reveaied  many  smail 
pits  where  material  was  broken  out  (Fig.  14.55).  The  difference  to  the  black 
spots  observed  with  shot  no.  10136  (vp  =  150  m/s)  is  that  here  the  spots 
occur  ahead  of  the  fracture  front.  The  macroscopic  inspection  of  the  fragments 
reveals  further  more  that  this  specimen  was  cleaved  in  the  middie  between  the 
polished  surface  and  the  rear  surface,  too.  Figure  14.56  shows  a  photograph  of 
recovered  fragments. 
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Figure  14.47  High-speed  photographs  of  shot  no.  10117 


Figure  14.49  High-speed  photographs  of  shot  no.  10367 
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Figure  14‘i54' 


Figure  14.55 


Figure  14.56 


Path-time  plot  of  shot' no.  10143 


Photograph  of  two  fragments  of  shot  no.  10143 


0  12  3  4 

Fragments  of  5  mm  thickness  from  shot  no.  10143 
(scaie  in  cm) 
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Shot  No.  10366  (TiBa,  Vp  =  1000  m/s) 

The  TiB2  plate  impacted  at  1000  m/s  (Fig.  14.57)  exhibits  the  same  damage 
phenomena  observed  in  the  experiment  at  780  m/s.  Black  spots  precede  the 
fracture  field.  The  damage  velocity  was  11510  m/s  (Fig.  14.59). 


14.3  Experiments  with  Alumina  (AljOa) 

Shot  No.  10131  (AljOj  CeramTech  AD  1898,  Vp  =  31  m/s) 

Only  one  cone  crack  could  be  recognized  and  evaluated  during  the  time  interval 
of  observation.  The  mean  fracture  velocity  was  3090  m/s. 


Shot  No.  10132  (AljOs  CeramTech  AD  1898,  Vp  -  85  m/s) 

Figure  14.58  shows  an  AljOj  ceramic  plate  after  impact  at  85  m/s.  The  surface 
of  the  specimen  was  coated  with  a  layer  of  silver.  The  crack  pattern  Is  similar  to 
that  observed  with  SIC  at  the  same  impact  velocity.  Several  radial  cracks  are 
generated  between  .the  cone  cracks.  Most  of  the  radial  cracks  have  sharp  edges 
in  the  beginning  and  turn  into  frequently  branching  fractures  with  fuzzy  edges  at 
a  distance  of  about  35  mm  from  the  impacted  edge.  The  specimen  could  be 
reassembled  only  partially,  so  that  the  crack  surfaces  on  the  fragments  could 
not  be  associated  with  specific  cracks  seen  on  the  high-speed  photographs.  But 
several  crack  surfaces  of  fragments  which  obviously  originate  from  the  impact 
zone  reveal  a  transition  from  smooth  to  rough  as  it  was  observed  with  SiC  (shot 
no.  10111,  Fig.  14.5).  The  front  of  the  fracture  field  propagated  at  a  mean 
velocity  of  5320  m/s  (Fig,  14.60).  The  mean  velocity  of  the  wave  which  can  be 
observed  on  three  photographs  was  5660  m/s.  The  upper  cone  crack  grew  at 
3860  m/s,  the  crack  R1  at  4490  m/s  during  it  exhibits  a  fuzzy  edge.  The  crack 
R2  exhibits  a  sharp  edge  over  the  full  length.  This  crack  grew  at  2390  m/s  first, 
slowed  down  and  arrested. 
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Figure  14.57  High-speed  photograph  of  shot  no.  10366 
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Figure  14.59  Path-time  plot  of  Figure  14.60  Path-time  plot  of 

shot  no.  10366  shot  no.  10132 
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Shot  No.  10134  (AI2O3  CeramTech  AD  1898,  Vp  =  150  m/s) 

The  fracture  and  damage  propagation  in  an  AI203  CeramTech  specimen  after 
impact  at  150  m/s  is  shown  in  Figure  14.61.  A  field  of  cracks  in  the  lower  half 
of  the  plate  and  two  main  single  fractures  (R1,  R2)  in  the  upper  half  can  be 
recognized.  The  propagation  velocities  were  4840  m/s  and  4900  m/s  with  R1 
I  and  R2,  respectively,  the  front  of  the  fracture  field  propagated  at  5635  m/s  (Fig. 

S  14.63). 


Shot  No.  10135  (AI2O3  CeramTech  AD  1898,  Vp  =  220  m/s) 

The  high-speed  photographs  in  Figure  14.62  illustrate  the  destruction  of  an 
AI2O3  specimen  after  being  impacted  at  220  m/s.  The  black  spots  and  stripes  on 
the  right  side  are  caused  by  damage  of  the  silver  layer  on  the  surface  of  the  ce¬ 
ramics.  The  concentric  rings  are  due  to  the  polishing  process.  Fracture  propaga¬ 
tion  itself  can  hardly  be  observed  in  this  experiment.  Two  black  zones  develop, 
one  approximately  in  the  center  of  the  plate  and  one  below,  which  seem  to  be 
confined  by  cracks  so  that  crack  propagation  is  indirectly  visible.  The  black  zone 
in  the  center  (or  the  confining  cracks)  proceeds  at  a  mean  velocity  of  9630  m/s 
(Fig.  14.64). 


i 


The  shots  number  5570  (Vp  =  707  m/s)  and  no.  5542  (vp  =  1062  m/s)  are 
described  in  detail  in  (14). 
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Figure  14.61  High-speed  photographs  of  shot  no.  10134 


Figure  14.62  High-speed  photograph  of  shot  no.  10135 
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Figure  14.63  Path-time  piot  of 
shot  no.  10134 


Figure  14.64  Path-time  plot  of 
shot  no.  10135 


15.  Classification  of  Damage 

Figure  15.1a  and  15.1b  show  schematically  the  types  of  fractures  that  were 
observed.  The  designations  for  the  different  types  of  fracture  were  chosen 
analogous  to  the  designations  of  the  fracture  types  in  glass  (12).  In  most  cases 
the  cone  cracks  could  be  identified  first  on  the  high-speed  photographs.  They 
start  from  the  impact  site  of  the  edge  of  the  projectile.  The  cracks  that  are  gen¬ 
erated  in  the  region  between  the  cone  cracks  are  called  primary  cracks.  In 
opposition  to  the  fracture  propagation  observed  in  glasses,  the  primary  fractures 
in  ceramics  do  not  appear  as  fine  dark  lines  which  grow  continuously  from  the 
impact  site.  In  most  cases  the  edges  and  tips  of  the  primary  cracks  are  fuzzy. 
Branching  of  the  cracks  occurs  frequently.  Some  of  the  cracks  look  like 
branches  of  a  fir-tree  (type  1,  Fig.  15.1a),  others  seem  to  consist  of  many, 
successively  formed  short  cracks  which  include  a  small  angle  with  the  main 
direction  of  fracture  propagation  (type  2,  Fig.  15.1a).  Two  photographs  of  SiC 
specimens  which  exhibit  the  different  types  of  cracks  are  shown  in  Figure  15.2. 
•’.'i.Tiary  cracks  with  sharp  edges  are  observed  rarely.  But  it  has  also  been 
observed  that  a  crack  with  sharp  edges  suddenly  turns  into  a  crack  of  type  1  or 
2.  At  striking  velocities  S  85  m/s  the  specimens  could  be  rebuilt  from  the  recov¬ 
ered  fragments.  An  inspection  of  the  crack  surfaces  revealed,  that  the  crack 
surfaces  are  smooth  when  the  edges  are  sharp.  Cracks  that  appear  fuzzy  on  the 
polished  surface  of  the  specimen  have  rough  crack  surfaces. 
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Figure  15.1  Schematic  representation  of  the  observed  types  with  SiC  and 
AI2O3  (a)  and  TiBj  (b) 


Similar  to  the  fracture  patterns  found  with  glasses,  wedge-shaped  fracture 
zones  can  be  recognized  above  the  upper  and  below  the  lower  cone  crack. 
These  secondary  cracks  always  reveal  sharp  edges.  This  type  of  crack  occurred 
most  clearly  with  SiC  at  a  striking  velocity  of  1 85  m/s,  which  can  be  seen  from 
the  photograph  (4.6 //s  after  impact)  shown  in  Figure  15.2b. 


Figure  15.2  SiC  at  a)  Vp  =  150  m/s,  t  =  10.5  /js,  b)  Vp  =  185  m/s,  t  =  4.6/ys 

With  the  TiBj  specimen  cracks  of  the  types  1  and  2  can  hardly  be  observed. 
Already  at  low  loadings  a  fracture  front  forms  between  the  cone  cracks  that 
consists  of  many  short  cracks.  This  fracture  pattern  is  drawn  schematically  in 
Figure  15.1b.  The  photograph  of  a  TiB^  plate  5.3  ijs  after  impact  at  85  m/s  illus¬ 
trates  this  type  of  damage  (Fig.  15.3). 


The  fracture  patterns  observed  with  the  AI2O3  ceramics  are  similar  to  those  in 
the  SiC.  Figure  15.4  shows  an  AljOj  specimen  9.7  fjs  after  impact  at  85  m/s. 
At  impact  velocities  in  the  range  350  m/s  S  Vp  ^  600  m/s  the  fracture  patterns 
of  SiC  and  TiBa  are  similar.  This  is  demonstrated  by  the  photographs  of  a  SiC 
specimen  (vp  =  513  m/s,  4.6 //s  after  impact)  and  a  TiB2  specimen  (Vp  =  560 
m/s,  4.5  )js  after  impact)  in  Figure  15.5.  In  both  cases  a  dense  field  of  fuzzy 
cracks  grows  into  the  specimen.  The  density  of  the  crack  field  decreases  with 
increasing  time  of  propagation.  The  fracture  patterns  observed  with  SiC  and 
AI2O3  at  impact  velocities  between  600  m/s  and  1000  m/s  do  not  differ  from 
those  in  the  range  350  m/s  ^  Vp  s  600  m/s. 


Figure  15.3  T1B2,  Vp 


Figure  15.4  AI2O3,  Vp 
9. 
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A  new  damage  phenomenon  was  found  with  T1B2  at  impact  velocities  above 
780  m/s.  Figure  15.6  shows  a  photograph  of  a  TiB2  specimen,  6.2  /js  after  the 
impact  of  the  projectile  at  784  m/s.  The  fracture  front  is  preceded  by  a  field  of 
black  dots  on  the  surface  of  the  specimen.  Only  few  fragments  of  the  specimen 
could  be  recovered,  most  of  it  was  comminuted  to  very  small  particles.  But  an 
examination  of  the  surfaces  of  the  recovered  fragments  revealed  many  small 
pits  where  material  was  broken  out.  This  is  the  only  hint  with  respect  to  the 
origin  of  the  black  dots  seen  on  the  high-speed  photographs. 


Figure  15.6  TiB2,  Vp  =  784  m/s,  t  =  6.2//S,  shot  no.  10143 


16.  Analysis  of  Fracture  Velocities 

Other  than  in  glass,  different  types  of  cracks  are  generated  and  different  frac¬ 
ture  velocities  are  observed  at  one  impact  velocity  in  one  specimen.  Therefore, 
it  is  necessary  to  distinguish  between  the  velocity  of  continuously  growing 
cracks,  including  the  secondary  cracks  with  sharp  edges,  fuzzy  crack  traces  and 
crack  fronts.  In  the  following  the  term  damage  velocity  in  ceramics  always 
denotes  the  velocity  of  the  fastest  fracture  which  was  observed.  In  Figures 
16.1a,  b,  c  the  mean  damage  velocities  Vo  observed  with  SiC,  TiB2  and  AI2O3 
are  plotted  versus  the  impact  velocity  Vp.  In  each  of  the  ceramics  Vq  increases 
with  increasing  striking  velocity.  The  damage  velocities  approach  the  longitu¬ 
dinal  wave  velocity  Ci.  at  high  loadings.  With  TiB2,  Vo  rises  continuously  and  Cl 
is  gained  when  Vp  exceeds  780  m/s.  SiC  and  AI2O3  exhibit  a  steep  rise  of  Vq  in 
the  range  of  striking  velocities  between  150  m/s  and  200  m/s.  In  the  case  of 
SiC  this  step  corresponds  to  the  transition  in  fracture  type  from  single,  distin¬ 
guishable  fuzzy  crack  traces  to  a  crack  front. 
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Some  of  the  SiC  specimen  exhibited  secondary  fracture  zones  very  clearly.  The 
fact  that  the  secondary  cracks  form  a  triangle  shows  that  they  grow  at  the 
same  speed.  The  analysis  of  velocities  of  all  those  secondary  cracks  whose  tips 
could  be  observed  on  several  photographs  revealed  crack  velocities  between 
3000  m/s  and  4000  m/s  independent  of  the  loading.  The  mean  velocity  of  the 
secondary  cracks  is  3490  m/s  ±  390  m/s.  In  four  of  our  experiments  the  trans¬ 
versal  wave  generated  at  the  impact  could  be  observed.  The  mean  of  the  meas¬ 
ured  velocities  is  7255  m/s  ±  140  m/s.  The  Rayleigh  wave  velocity  c„  is 
approximately  0.9  Ct  from  what  follows  Ct.sic  =  6530  m/s.  The  investigations 
of  glasses  [6,12,13]  have  shown  that  the  secondary  cracks  propagate  at  termi¬ 
nal  crack  velocity  vc,  which  is  approximately  half  of  the  Rayleigh  wave  velocity 
with  float  glass  and  the  optical  glasses  K5  and  F6.  This  is  also  correct  with  the 
secondary  cracks  in  SiC:  Vc.sic  ®  0-5  Cr  =  3265  m/s.  This  analogy  suggests  that 
a  terminal  crack  velocity  exists  for  SiC.  However,  this  velocity  has  been 
observed  only  with  one  of  the  various  types  of  fracture.  Therefore,  it  is  impor¬ 
tant  to  distinguish  between  the  different  types  of  fracture  whenever  fracture 
velocities  are  considered. 


17.  Microstructural  Analysis 

Recovered  fragments  were  sectioned  in  a  direction  perpendicular  to  the  surfaces 
of  the  undamaged  specimen.  Micrographs  of  TiB:  specimen  (impacted  at 
784  m/s)  and  a  SiC  specimen  (impacted  at  1040  m/s)  are  shown  in  Figure  17.1. 
The  most  remarkable  feature  of  the  T1B2  fragment  is  that  a  lot  of  voids  have 
been  generated  particularly  at  these  points  where  three  or  more  grains  adjoin 
and  in  the  interior  of  the  large  grains.  Transcrystalline  and  intercrystalline  frac¬ 
ture  IS  observed.  The  micrograph  shows  that  the  cracks  within  the  large  grains 
as  well  as  the  intercrystalline  cracks  have  been  formed  by  coalescence  of  voids. 
The  formation  of  voids  has  not  been  found  with  SiC  as  the  micrograph  reveals. 
Cracks  are  mainly  intercrystalline  in  this  fine  grained  material. 


18.  Dual  Side  High-Speed  Photography 

A  new  experimental  configuration  was  set  up  to  take  high-speed  photographs  of 
both  sides  of  the  impacted  specimen  simultaneously.  Figure  18.1  shows  a  top 
view  of  this  set  up.  The  specimen  is  placed  directly  in  front  of  the  muzzle  of  the 
gas  gun.  One  24-spark  unit  is  positioned  above  the  barrel  of  the  gas  gun. 


lenses  of  camera  1 


lenses  of  camera  2 


Figure  i8.1  Experimental  configuration  for  dual-side  high-speed  photography 
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A  lens  and  a  mirror  on  each  side  of  the  specimen  focus  and  deflect  the  light 
from  the  sparks  to  the  surfaces  of  the  specimen.  Two  cameras,  one  on  each 
side  of  the  specimen,  are  instaiied  to  observe  the  damage  processes. 

Three  experiments  were  conducted  with  SiC  specimens  which  were  polished  on 
both  sides.  Two  of  the  specimens  were  thin  plates  of  the  standard  dimensions 
100  mm  X  100  mm  x  10  mm.  The  impact  velocities  were  66  m/s  and  202  m/s. 

The  result  of  the  test  at  66  m/s  is  illustrated  in  Figure  18.2  by  three  photo¬ 
graphs  of  each  side  of  the  specimen.  The  photographs  reveal  nearly  the  same 
fracture  pattern  on  both  sides.  Some  of  the  cracks  can  be  seen  clearly  on  one 
side  of  the  specimen  but  hardly  on  the  other  side.  This  is  due  to  different  crack 
openings  on  the  different  sides.  R1  is  the  crack  that  could  be  measured  best  on 
both  sides.  The  crack  veiocity  measured  on  the  ieft  side  was  Vc,i  =  5210  m/s  ± 
270  m/s.  The  measurement  on  the  right  side  resulted  in  Vc,,  =  5030  m/s  ± 
92  m/s.  The  differences  between  the  positions  of  the  crack  tip  on  both  sides  do 
not  exceed  3.5  mm. 

Figure  18.3  shows  three  couples  of  photographs  of  the  specimen  impacted  at 

202  m/s.  The  similarity  of  the  fracture  patterns  is  obvious  in  this  case,  too. 
However,  a  reliable  measurement  of  fracture  and  damage  velocities  was  not 
possible  in  this  experiment  because  the  crack  tips  and  the  fracture  front  were 
superimposed  by  the  black  area  on  most  of  the  photographs. 

One  experiment  was  conducted  with  a  thick  SiC  plate  of  the  dimensions 

203  mm  x  203  mm  x  35  mm  at  an  impact  velocity  Vp  =  202  m/s.  Figure  18.4a 
and  18.4b  show  the  fracture  patterns  observed  on  the  two  polished  sides  of  the 
specimen.  In  this  arrangement  the  specimen  could  not  be  illuminated  com¬ 
pletely.  When  only  one  side  of  the  specimen  is  observed,  the  angle  of  incidence 
of  the  light  (with  respect  to  the  normal  to  the  surface)  is  chosen  as  small  as 
possible.  In  the  arrangement  for  dual  side  photography  a  big  angle  of  incidence 
not  only  with  respect  to  the  normal  to  the  surface  cf  the  specimen  but  also  with 
respect  to  the  normal  to  the  mirror  can  not  be  avoided.  This  decreases  the 
effective  area  of  the  mirrors  and  the  lenses. 

Figures  18.4a  and  18.4b  show  the  complete  series  of  high-speed  photographs 
of  both  sides  of  the  specimen.  Different  fracture  patterns  are  observed  on  the 
two  sides.  It  can  be  recognized  that  the  fracture  front  is  further  advanced  on 
the  left  side  of  the  specimen.  From  photograph  15  to  photograph  20,  where  the 
fractures  can  be  seen  most  clearly,  the  maximum  difference  between  the  x-posi- 
tions  of  the  fracture  fronts  is  about  22  mm.  The  fracture  velocities  observed  on 
the  left  side  range  from  4100  m/s  to  5440  m/s.  On  the  right  side  of  the  speci¬ 
men  fracture  velocities  between  4730  m/s  and  6780  m/s  were  measured. 


left  side 


right  side 


Figure  18.3 


Comparison  of  three  high-speed  photographs  from  both  sides  of 
a  SiC  specimen,  shot  no.  10551,  Vp  =  202  m/s.  At  =  1  /ys 
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The  different  fracture  patterns  and  different  fracture  velocities  indicate  that  in 
case  of  a  thick  target  plate  only  a  part  of  the  cracks  which  are  visible  on  the 
surfaces  pierce  the  plate  completely.  This  is  confirmed  by  an  inspection  of  the 
impacted  specimen  which  could  be  almost  totally  rebuilt  from  the  fragments. 
Figure  18.5a  shows  the  left  side  of  the  specimen,  Figure  18.5b  shows  the  right 
side.  The  most  striking  feature  of  the  recovered  specimen  is  that  most  part  of 
the  material  in  the  impact  zone  seems  to  be  undestroyed.  A  slice  of  a  truncated 
cone  is  formed  by  the  cone  cracks.  The  primary  fractures  and  the  shell-shaped 
fractures  have  destroyed  the  top  layers  of  this  part  of  the  plate.  The  thickness 
of  the  destroyed  layer  at  the  impacted  edge  is  about  10  mm  on  each  side  and 
decreases  to  zero  at  a  distance  of  about,  90  mm  from  the  edge.  The  fragments 
from  these  zones  and  from  the  vicinity  of  the  cone  cracks  are  too  small  to  reas¬ 
semble  these  parts  of  the  specimen.  Nevertheless,  only  a  very  small  amount  of 
material  is  comminuted  in  this  experiment.  With  a  small  target  plate  (100  mm  x 
100  mm  X  10  mm)  about  30  %  of  the  target  was  comminuted  at  an  impact 
velocity  of  220  m/s.  This  indicates  the  significant  Influence  of  the  release  waves 
on  the  destruction  of  the  specimens. 

From  the  photograph  in  Figure  18.5a  it  can  be  recognized  that  a  small  fragment 
(marked  with  an  arrow)  was  formed  within  the  cone,  in  front  of  the  projectile.  A 
fracture  surface  parallel  to  the  surfaces  of  the  plate  was  examined  by  means  of 
SEM.  Figure  18.6  shows  a  micrograph  were  the  fracture  surface  and  the 
Impacted  edge  can  be  seen.  Figure  18.7  shows  a  section  of  the  fracture  surface 
near  the  impacted  edge  (double  magnification  in  comparison  to  Figure  18.6). 
Especially  this  photograph  reveals  that  material  had  been  molten  and  again 
solidified  in  the  impact  zone.  Additionally,  comminuted  material  is  found  on  the 
fracture  surface  in  the  vicinity  of  the  impact  zone.  Figure  18.8a  shows  a  section 
of  the  fracture  surface  at  a  distance  of  about  300  //m  from  the  impacted  edge. 
The  size  of  the  particles  is  approximately  in  the  range  from  0.3  ^m  to  1  /ym.  The 
amount  of  comminuted  material  decreases  rapidly  with  increasing  distance  to 
the  impact  zone.  The  micrographs  in  Figures  18.8b  and  18.8c  show  the  fracture 
surface  at  distances  of  about  1  mm  and  2  mm  from  the  impacted  No  sign 
of  comminuted  material  is  found  at  a  distance  of  2  mm. 


Figure  18.5  Reassembled  specimen  of  shot  no.  10600 
a)  left  side,  b)  right  side 


Figure  18.6  Fracture  surface  normal  to  the  impacted  edge  of  the  specimen 
(visible  in  the  upper  part  of  the  micrograph) 


Figure  18.7  Micrograph  of  the  fracture  surface  near  the  impacted  edge 


Figure  18.8 


Micrographs  of  the  fracture  surface  at  different  distances  from 
the  impacted  edge,  a)  300 //m,  b)  1  mm,  c)  2  mm 
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19.  Summary  of  the  Resulte  with  Ceramics 

Plates  of  SIC,  TiB2  aiid  Al203.were1mpacted  with  blunt  steel  cylinders  at  striking 
velocities  between  20  m/s  and  1000  m/s.  Fracture  propagation  was  visualized 
by  means  of  a  Cranz^Schardin.  camera  within  the  first  twenty  microseconds 
before  the  projectile  penetrated  the  target  more  than  a  few  millimeters. 

The  experiments  delivered  a  detailed  picture  of  the  destruction  of  the  different 
types  of  ceramics  before  the  projectiles  penetrated  the  targets. 

•  The  examined  SIC  and  the  AI2O2  exhibit  similar  fracture  patterns  and  the 
same  fracture  types  over  the  full  velocity  range  considered.  Single  cracks  and 
fracture  cracks  can  be  distinguished  at  impact  velocities  below  200  m/s. 

•  A  dense  field  of  short  cracks  is  observed  with  TiB2  already  at  lower  impact 
velocities. 

•  In  the  impact  velocity  range  from  200  m/s  to  700  m/s  all  three  ceramics  are 
destroyed  by  a  dense  field  of  cracks. 

•  A  further  type  of  damage  Is  observed  with  TiB2  at  impact  velocities  above 
700  m/s.  A  field  of  black  spots  preceds  the  fracture  front  on  the  photographs 
which  was  due  to  the  breakout  of  material  at  the  surface  of  the  specimen. 

•  Ceramographical  investigations  of  TiB2  fragments  have  shown  that  cracks 
within  large  grains  as  well  as  intercrystalline  cracks  are  formed  by  coales¬ 
cence  of  voids. 

•  A  terminal  crack  velocity  Vc.s.c  =  3490  m/s  ±  390  m/s  is  observed  in  SiC 
with  those  cracks  which  grow  continuously  and  have  sharp  edges  (smooth 
crack  surfaces).  This  crack  velocity  is  approximately  half  of  the  Rayleigh 
wave  velocity.  This  finding  corresponds  to  the  experimental  results  with  float 
glass  and  the  optical  glasses  K5  and  F6  where  the  relation  Vc  »  0.5  Cr  was 
found,  too.  This  type  of  fracture  does  not  determine  the  damage  velocity  of 
the  ceramics  in  the  loading  range  considered  in  these  investigations. 

•  The  damage  velocity  (velocity  of  the  fastest  fracture)  increases  with  increas¬ 
ing  loading. 

•  All  ceramics  examined  are  destroyed  at  velocities  close  to  longitudinal  wave 
velocity  at  high  loadings. 
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Final  Remark; 

The  stress  wave  induced  damage  and  fracture  in  differing  giasses  show  similar 
behavior.  Nevertheless,  in  the  case  of  the  heavy  flint-glass  SF6  a  considerably 
great  difference  was  observed  between  the  experimentally  determined  terminal 
crack  velocity  (700  m/s)  and  that  calculated  from  transversal  and/or  Rayleigh 
wave  velocity  on  the  basis  of  the  fracture  mechanics  concept  (vc  »  H  ■  cr  = 
900  m/s).  No  explanation  has  been  reached  yet. 

The  fracture  patterns  and  the  fracture  types  observed  with  TiBj  differ  from  that 
of  SiC  and  AI2O3  with  the  several  dynamical  loading  conditions.  It  is  supposed 
that  the  dynamic  behavior  of  the  ceramics  will  be  strongly  influenced  by  their 
chemical  composition  and  the  kind  of  chemical  bond,  the  ratio  of  ingredients, 
the  grain  sizes  and  the  grain  size  distributions,  the  porosity  and  further 
mechanical  properties.  Therefore,  the  obtained  data  should  be  regarded  as  a 
data  base  for  future  investigation.  They  indicate  that  there  is  a  need  to  intensify 
the  study  of  the  behavior  of  brittle  material  under  dynamic  loading  to  reach  an 
improved  description  of  the  failure  mechanisms. 
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